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PREFACE. 


The  present  work  is  designed  as  a  text-book  of  Astronomy 
suited  to  the  general  course  in  our  colleges  and  schools  of 
science,  and  is  meant  to  supply  that  amount  of  information 
upon  the  subject  which  may  fairly  be  expected  of  every 
*^ liberally  educated"  person.  While  it  assumes  the  previous 
discipline  and  mental  maturity  usually  corresponding  to  the 
latter  years  of  the  college  course,  it  does  not  demand  the 
peculiar  mathematical  training  and  aptitude  necessary  as  the 
basis  of  a  special  course  in  the  science  —  only  the  most  ele- 
mentary knowledge  of  Algebra,  Geometry,  and  Trigonometry 
is  required  for  its  reading.  Its  aim  is  to  give  a  clear,  accu- 
rate, and  justly  proportioned  presentation  of  astronomical 
facts,  principles,  and  methods  in  such  a  form  that  they  can 
be  easily  apprehended  by  the  average  college  student  with  a 
reasonable  amount  of  effort. 

•  The  limitations  of  time  are  such  in  our  college  course  that 
probably  it  will  not  be  possible  in  most  cases  for  a  class  to 
take  thoroughly  everything  in  the  book.  The  fine  print  is  to 
be  regarded  rather  as  collateral  reading,  important  to  any- 
thing like  a  complete  view  of  the  subject,  but  not  essential  to 
the  course.  Some  of  the  chaptei*s  can  even  be  omitted  in 
cases  where  it  is  found  necessary  to  abridge  the  course  as 
much  as  possible ;  e.(/.^  the  chapters  on  Instruments  and  on 
Perturbations. 

While  the  work  is  no  mere  compilation,  it  makes  no  claims 
to  special  originality :  information  and  help  have  been  drawn 


VI  PREFACE. 

from  all  available  sources.  The  author  is  under  great  obliga- 
tions to  the  astronomical  histories  of  Grant  and  Wolf,  and 
especially  to  Miss  Gierke's  admirable  "  History  of  Astronomy  in 
the  Nineteenth  Century."  Many  data  also  have  been  dra\vn 
from  Houzeau's  valuable  "Vade  Mecimi  de  1' Astronomic." 

It  has  been  intended  to  bring  the  book  well  down  to  date, 
and  to  indicate  to  the  student  the  sources  of  information  on 
subjects  which  are  necessarily  here  treated  inadequately  on 
account  of  the  limitations  of  time  and  space. 

Special  acknowledgments  are  due  to  Professor  Langley  and 
to  his  publishers,  Messrs.  Ticknor  &  Co.,  for  the  use  of  a 
number  of  illustrations  from  his  beautiful  book,  "  The  New 
Astronomy  " ;  and  also  to  D.  Appleton  &  Co.  for  the  use  of 
several  cuts  from  the  author's  little  book  on  the  Sun.  Pro- 
fessor Trowbridge  of  Cambridge  kindly  provided  the  original 
negative  from  which  was  made  the  cut  illustrating  the  com- 
parison of  the  spectrum  of  iron  with  that  of  the  sun.  Warner 
&  Swasey  of  Cleveland  and  Fauth  &  Co.  of  Washington  have 
also  kindly  furnished  the  engravings  of  a  number  of  astro- 
nomical instruments. 

Professors  Todd,  Emerson,  Upton,  and  McNeill  have  given 
most  valuable  assistance  and  suggestions  in  the  revision  of  the 
proof ;  as  indeed,  in  hardly  a  less  degree,  have  several  others. 

The  author  will  consider  it  a  great  favor  if  those  who  may 
use  the  book  will  kindly  communicate  to  him,  either  directly 
or  through  the  publishers,  any  errata,  in  order  that  they 
may  be  promptly  corrected. 

Princeton,  N.  J.,  August,  188S, 
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INTRODUCTION. 


1.  AsTROKOMT  {aarpoy  vofjuoq)  is  the  science  which  treats  of  the 
heavenly  bodies.  As  such  bodies  we  reckon  the  sun  and  moon,  the 
planets  (of  which  the  earth  is  one)  and  their  satellites,  comets  and 
meteors,  and  finally  the  stars  and  nebulae. 

We  have  to  consider  in  Astronomy :  — 

(a)  The  motions  of  these  bodies,  both  real  and  apparent,  and  the 
laws  which  govern  these  motions. 

(6)  Their  forms,  dimensions,  and  masses.  • 

(c)  Their  nature  and  constitution. 

(d)  The  effects  they  produce  upon  each  other  by  their  attractions, 
radiations,  or  by  any  other  ascertainable  influence. 

It  was  an  early,  and  has  been  a  most  persistent,  belief  that  the 
heavenly  bodies  have  a  powerful  influence  upon  human  affairs,  so 
that  from  a  knowledge  of  their  positions  and  ^^  aspects"  at  critical 
moments  (as  for  instance  at  the  time  of  a  pcrson^s  birth)  one  could 
draw  up  a  "horoscope"  which  would  indicate  the  probable  future. 

The  pseudo-science  which  was  founded  on  this  belief  was  named 
Astrology,  —  the  elder  sister  of  Alchemy,  —  and  for  centuries  As- 
tronomy was  its  handmaid;  i.e.,  astronomical  obser>'ation8  and  cal- 
'culations  were  made  mainly  in  order  to  supply  astrological  data. 

At  present  the  end  and  object  of  astronomical  study  is  chiefly 
knowledge  pure  and  simple ;  so  far  as  no\^  appears,  its  development 
has  less  direct  bearing  upon  the  material  interests  of  mankind  than 
that  of  any  other  of  the  natural  sciences.  It  is  not  likely  that  great 
inventions  and  new  arts  will  grow  out  of  its  laws  and  principles,  such 
as  are  continually  arising  from  physical,  chemical,  and  biological 
discoveries,  though  of  course  it  would  be  rash  to  say  that  such  out- 
growths are  impossible.  But  the  student  of  Astronomy  must  expect 
his  chief  profit  to  be  intellectual,  in  the  widening  of  the  range  of 
thought  and  conception,  in  the  pleasure  attending  the  discovery  of 
simple  law  working  out  the  most  complicated  results,  in  the  delight 
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over  the  beauty  and  order  revealed  bj  the  telescope  in  systems  other- 
wise invisible,  in  the  recognition  of  the  essential  unity  of  the  material 
universe,  and  of  the  kinship  between  his  own  mind  and  the  infinite 
Reason  that  formed  all  things  and  is  immanent  in  them. 

At  the  same  time  it  should  be  said  at  once  that,  even  from  the 
lowest  point  of  view.  Astronomy  is  far  from  a  useless  science.  The 
art  of  navigation  depends  for  its  very  possibility  upon  astronomical 
prediction.  Take  away  from  mankind  their  almanacs,  sextants,  and 
chronometers,  and  commerce  by  sea  would  practically  stop.  The 
science  also  has  important  applications  in  the  survey  of  extended 
regions  of  country,  and  the  establishment  of  boundaries,  to  say 
nothing  of  the  accurate  determination  of  time  and  the  arrangement 
of  the  calendar. 

It  need  hardly  be  said  that  Astronomy  is  not  separated  from  kin- 
dred sciences  by  sharp  boundaries.  It  would  be  impossible,  for  in- 
stance, to  draw  a  line  between  Astronomy  on  one  side  and  Geology 
and  Physical  Geography  on  the  other.  Many  problems  relating  to 
the  formation  and  constitution  of  the  earth  belong  alike  to  all  three. 

2.  Astronomy  is  divided  into  many  branches,  some  of  which,  as 
ordinarily  recognized,  are  the  following :  — 

1.  Descriptive  Astronomy.  —  This,  as  its  name  implies,  is  merely 
an  orderly  statement  of  astronomical  facts  and  principles. 

2.  Practical  Astronomy.  —  This  is  quite  as  much  an  art  as  a 
science,  and  treats  of  the  instruments,  the  methods  of  observation, 
and  the  processes  of  calculation  by  which  astronomical  facts  are 
ascertained. 

8.  Theoretical  Astronomy,  which  treats  of  the  calculations  of  orbits 
and  ephemerides,  including  the  effects  of  so-called  "  perturbations.'* 

4.  Mechanical  Astronomy,  which  is  simply  the  application  of  me- 
chanical principles  to  explain  astronomical  facts  (chiefly  the  planetary 
and  lunar  motions) .  It  is  sometimes  called  Ghramtational  Astronomy, 
because,  with  few  exceptions,  gravitation  is  the  only  force  sensibly 
concerned  in  the  motions  of  the  heavenly  bodies.  Until  within  thirty 
years  this  branch  of  the  science  was  generally  designated  as  Physical 
Astronomy^  but  the  term  is  now  objectionable  because  of  late  it  has 
been  used  by  many  writers  to  denote  a  very  different  and  compara- 
tively new  branch  of  the  science  ;  viz., — 
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5.  Astronomical  Physics,  or  Astro-physics.  —  This  treats  of  the 
physical  characteristics  of  the  heavenly  bodies,  their  brightness  and 
spectroscopic  peculiarities,  their  temperature  and  radiation,  the  nature 
and  condition  of  their  atmospheres  and  surfaces,  and  all  phenomena 
which  indicate  or  depend  on  their  physical  condition. 

6.  Spherical  Astronomy.  —  This,  discarding  all  consideration  of 
absolute  dimensions  and  distances,  treats  the  heavenly  bodies  simply 
as  objects  moving  on  the  ^'  surface  of  the  celestial  sphere  "  :  it  has  to 
do  only  with  angles  and  directions,  and,  strictly  regarded,  is  in  fact 
only  Spherltal  Trigonometry  applied  to  Astronomy. 

3.  The  above-named  branches  are  not  distinct  and  separate,  but 
they  overlap  in  all  directions.  Spherical  Astronomy,  for  instance, 
finds  the  demonstration  of  many  of  its  formulae  in  Gravitational 
Astronomy,  and  their  application  appears  in  Theoretical  and  Prac- 
tical Astronomy.  But  valuable  works  exist  bearing  all  the  different 
titles  indicated  above,  and  it  is  important  for  the  student  to  know 
what  subjects  he  may  expect  to  find  discussed  in  each;  for  this 
reason  it  has  seemed  worth  while  to  name  and  define  the  several 
branches,  although  they  do  not  distribute  the  science  between  them 
in  any  strictly  logical  and  mutually  exclusive  manner. 

In  the  present  text-book  little  regard  will  be  paid  to  these  sub- 
divisions, since  the  object  of  the  work  is  not  to  present  a  complete 
and  profound  discussion  of  the  subject  such  as  would  be  demanded 
by  a  professional  astronomer,  but  only  to  give  so  much  knowledge  of 
the  facts  and  such  an  understanding  of  the  principles  of  the  science 
as  may  fairly  be  considered  essential  to  a  lilx^ral  education.  If  this 
result  is  gained  in  the  reader's  case,  it  may  easily  happen  that  he  will 
wish  for  more  than  he  can  find  in  these  pages,  and  then  he  must  have 
recourse  to  works  of  a  higher  order  and  far  more  difficult,  dealing 
with  the  subject  more  in  detail  and  more  thoroughly. 

To  master  the  present  book  no  further  preparation  is  necessary 
than  a  vei*y  elementary  knowledge  of  Algebra,  Geometry,  and  Trigo- 
nometry, and  a  similar  acquaintance  with  Mechanics  and  Physics, 
especially  Optics.  While  nothing  short  of  high  mathematical  attain- 
ments will  enable  one  to  become  eminent  in  the  science,  yet  a  perfect 
comprehension  of  all  its  fundamental  methods  and  principles,  and  a 
very  satisfactory  acquaintance  with  its  main  results,  is  quite  within 
the  reach  of  every  person  of  ordinary  intelligence,  without  any  more 
extensive  training  than  may  be  had  in  our  common  schools.     At  the 
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same  time  the  necessary  statements  and  demonstrations  are  so  much 
facilitated  by  the  use  of  trigonometrical  terms  and  processes  that  it 
would  be  unwise  to  dispense  with  them  entirely  in  a  work  to  be  used 
by  pupils  who  have  already  become  acquainted  with  them. 

In  discussing  the  different  subjects  which  present  themselves,  the 
writer  will  adopt  whatever  plan  appears  best  fitted  to  convey  to  the 
student  clear  and  definite  ideas,  and  to  impress  them  upon  the  mind. 
Usually  it  will  be  best  to  proceed  in  the  Euclidean  order,  by  first 
stating  the  fact  or  principle  in  question,  and  then  explaining  its 
demonstration.  But  in  some  cases  the  inverse  process  is  preferable, 
and  the  conclusion  to  be  reached  will  appear  gradually*  unfolding 
itself  as  the  result  of  the  observations  upon  which  it  depends,  just  as 
its  discovery  came  about. 

The  frequent  references  to  "  Physics  "  refer  to  the  "  Elementary 
Text-Book  of  Physics,"  by  Anthony  &  Brackett;  3d  edition,  1887. 
Wiley  &  Sons,  N.Y. 
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CHAPTER   I. 

THE  "DOCTRINE  OF  THE  SPHERE,"  DEFINITIONS,  AND   GENERAL 

CONSIDERATIONS. 

Astronomy,  like  all  the  other  sciences,  has  a  terminology  of  its 
own,  and  uses  technical  terms  in  the  description  of  its  facts  and 
phenomena.  In  a  popular  essay  it  would  of  course  be  proper  to 
avoid  such  terms  as  far  as  possible,  even  at  the  expense  of  circum- 
locutions and  occasional  ambiguity  ;  but  in  a  text-book  it  is  desirable 
that  the  reader  should  be  introduced  to  the  most  important  of  them 
at  the  very  outset,  and  made  sufficiently  familiar  with  them  to  use 
them  intelligently  and  accurately. 

4.  The  Celestial  Sphere.  —  To  an  observer  looking  up  to  the 
heavens  at  night  it  seems  as  if  the  stars  were  glittering  points  attached 
to  the  inner  surface  of  a  dome  ;  since  we  have  no  direct  perception  of 
their  distance  there  is  no  reason  to  imagine  some  nearer  than  others, 
and  so  we  involuntarily  think  of  the  surface  as  spherical  with  our- 
selves in  its  centre.  Or  if  we  sometimes  feel  that  the  stars  and 
other  objects  in  the  sky  really  differ  in  distance,  we  still  instinctively 
imagine  an  Immense  sphere  surrounding  and  enclosing  all.  Upon 
this  sohere  we  imagine  lines  and  circles  traced,  resembling  more  or 
less  the  meridians  and  parallels  upon  the  surface  of  the  earth,  and 
by  reference  to  these  circles  we  are  able  to  describe  intelligently  the 
apparent  positions  and  motions  of  the  heavenly  bodies. 

This  celestial  sphere  may  be  regarded  in  either  of  two  different 
wavs,  both  of  which  are  correct  and  lead  to  identical  results. 

(a)  We  may  imagine  it,  in  the  first  place,  as  transparent,  and  of 
merely  finite  (though  undetermined)  dimensions,  but  in  some  way 
80  cUtached  to^  and  connected  ivith,  the  observer  that  his  eye  always 
remains  at  its  centre  wherever  he  goes.  Each  observer,  in  this  way 
of  viewing  it,  carries  his  own  sky  with  him,  and  is  the  centre  of  his 
own  heavens. 

(6)  Or,  in  the  second  place,  —  and  this  is  generally  the  more  con- 
venient way  of  regarding  the  matter,  —  we  may  consider  the  celestial 
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sphere  as  mathematically  infinite  in  its  dimensions:  then,  let  the 
observer  go  where  he  will,  he  cannot  sensibly  get  away  from  its 
centre.  Its  radius  being  "greater  than  any  assignable  quantity," 
the  size  of  continents,  the  diameter  of  the  earth,  the  distance  of  the 
sun,  the  orbits  of  planets  and  comets,  even  the  spaces  between  the 
stars,  are  all  insignificant,  and  the  whole  visible  universe  shrinks 
relatively  to  a  mere  i)oint  at  its  centre.  In  what  follows  we  shall  use 
this  conception  of  the  celestial  sphere.^ 

The  apparent  place  of  any  celestial  body  will  then  be  the  point 
on  the  celestial  sphere  where  the  line  drawn  from  the  eye  of  the 
observer  in  the  direction  in  which  he  sees  the  object,  and  produced 
indefinitely,  pierces  the  sphere.     Thus,  in  Figure  1,  -4,  JB,  (7  are 

the  apparent  places  of  a,  6,  and  c, 
the  observer  being  at  0.  The  appar- 
ent place  of  a  heavenly  body  evidently 
depends  solely  upon  its  direction^  and 
is  wholly  independent  of  its  distance 
from  the  observer. 


5.  Linear  and  Angular  DimensionB. 

—  Linear  dimensions  are  such  as  may 
be  expressed  in  linear  units;  i.e.,  in 
miles,  feet,  or  inches ;  in  metres  or 
millimetres.  Angular  dimensions  are 
expressed  in  angular  units;  i.e.,  in 
right  angles,  in  radians,^  or  (more  commonly  in  astronomy)  in  de- 
grees, minutes,  and  seconds.     Thus,  for   instance,  the  linear  semi- 


Fio.  1. 


1  To  most  persons  the  sky  appears,  not  a  true  hemisphere,  but  a  flattened  vault, 
as  if  the  horizon  were  more  remote  than  the  zenith.  This  is  a  subjective  effect 
due  mainly  to  the  intervening  objects  between  us  and  the  horizon.  The  sun  and 
moon  when  rising  or  setting  look  much  larger  tlian  when  they  are  higher  up,  for 
the  same  reason. 

2  A  radian  is  the  angle  which  is  measured  by  an  arc  equal  in  length  to  radius. 
Since  a  circle  whose  radius  is  unity  has  a  circumference  of  2  v,  and  contains  300^, 

or  21,600',  or  1,290.000",  it  follows  that  a  radian  contains  f  ^  V,  or  /-l^V.or 
\^  V^GOy  \  21000/ 

(     ^7     y^;  i.«.  (approximately),  a  radian  =  67.30  =  3437.7' =  200204.8".    Hence, 
yl290000y  • 

to  reduce  to  seconds  of  arc   an  angle  expressed  in  radians,  we  must  multiply 

it  by  the  number  200204.8 ;  a  relation  of  which  we  shall  have  to  make  frequent 

use. 

See  Halsted's  Mensuration,  p.  2o. 
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diameter  of  the  sun  is  about  697,000  kilometers  (433,000  miles), 
while  its  angular  semidiameter  is  about  16',  or  a  little  more  than 
a  quarter  of  a  degree.  Obviously,  angular  units  alone  can  properly 
be  used  in  describing  apparent  distahees  and  dimensions  in  the  sky. 
For  instance,  one  cannot  say  correctly  that  the  two  stars  which  are 
known  as  "the  pointers"  are  two  or  five  or  ten  feet  apart:  their 
distance  is  aboht  five  degrees. 

It  is  sometimes  convenient  to  speak  of  "  angular  area^**  the  unit 
of  which  is  a  "  square  degree  "  or  a  "  square  minute"  ;  i.e.,  a  small 
square  in  the  sky  of  which  each  side  is  1^  or  1'.  Thus  we  may  com- 
pare the  angular  area  of  the  constellation  Orion  with  that  of  Taurus, 
ID  aqtiare  degrees^  just  as  we  might  compare  Pennsylvania  and  New 
Jersey  in  square  miles. 

6.  Belation  between  the  Distance  and  Apparent  Size  of  an  Object. 
—  Suppose  a  globe  having  a  radius  BC  equal  to  r.     As  seen  from 


-r---_"_  18 


Fio.  2. 


the  point  A  (Fig.  2)  its  apparent  {i.e.,  angular)  semidiameter  will 
be  BAC  or  «,  its  distance  being  ^C7  or  R. 

We  have  immediately  from  Trigonometry,  since  2^  is  a  right  angle, 


r 
sm  s  =  -— • 

R 


If,  as  Is  usual  in  Astronomy,  the  diameter  of  the  object  is  small 
as -compared  with  its  distance,  we  may  write 

r 
R' 

which  gives  s  in  radians  (not  in  degrees  or  seconds).     If  we  wish  it 
in  the  ordinary  angular  units, 

«*»=57.3-,     or     y  =  206264. s '*. 
R  R 

In  either  form  of  the  equation  we  see  that  the  apparent  diameter 
varies  directly  as  the  linear  diameter,  and  inversely  as  the  distance. 
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In  the  case  of  the  moon,  R  =  about  239,000  miles;  and  r,  1076 
miles.  Hence  s  =  y^g^g^^  =  -^^  ^^  ^  radian,  which  is  a  little  more 
than  ^  of  a  degree. 

It  may  be  mentioned  here  as  a  rather  curious  fact  that  most  persons  say 
that  the  moon  appears  about  a  foot  in  diameter;  at  least,  this  seems  to 
be  the  average  estimate.  This  implies  that  the  surface  of  fiie  sky  appears 
to  them  only  about  110  feet  away,  since  that  is  the  distance  at  which  a  disc 
one  foot  in  diameter  would  have  an  angular  diameter  of  j\j^  of  a  radian,  or  i°. 

7.  Vanishing  Point.  —  Any  system  of  parallel  lines  produced  in 
one  direction  will  appear  to  pierce  the  celestial  sphere  at  a  single 
point.  They  actually  pierce  it  at  different  points,  separated  on  the 
surface  of  the  sphere  by  linear  distances,  equal  to  the  actual  distances 
between  the  lines,  but  on  the  infinitely  distant  surface  these  linear 
distances,  being  only  finite,  become  invisible,  subtending  at  the  centre 
angles  less  than  anything  assignable.  The  different  points,  therefore, 
coalesce  into  a  spot  of  apparently  infinitesimal  size  —  the  so-called 
"vanishing  point"  of  perspective.  Thus  the  axis  of  the  earth  and 
all  lines  parallel  to  this  axis  point  to  the  celestial  pole. 


In  oixler  to  describe  intelligibly  the  apparent  position  of  an  object 
in  the  sky,  it  is  necessary  to  have  certain  points  and  lines  from  which 
to  reckon.  We  proceed  to  define  some  of  those  which  are  most 
frequently  used. 

8.  The  Zenith.  —  The  Zenith  is  the  point  vertically  overhead,  i.e., 
the  point  where  a  plumb-line,  produced  upwards,  would  pierce  the 
sky  :  it  is  determiued  by  the  direction  of  gravity  where  the  observer 
stands. 

If  the  earth  were  exactly  spherical,  the  zenith  might  also  be  de- 
fined as  the  point  where  a  line  drawn  from  the  centre  of  the  earth  up- 
ward  thromjh  the  observer  meets  the  sky.  But  since,  as  we  shall  see 
hereafter,  the  earth  is  not  an  exact  globe,  this  second  definition  indi- 
cates a  point  known  as  the  Geocentric  Zenith,  which  is  not  identical 
with  the  True  or  Astronomical  Zenith,  determined  by  the  direction  of 
gravity. 

9.  The  Nadir.  —  The  Nadir  is  the  point  opposite  the  zenith  — 
under  foot,  of  course. 

Both  zenith  and  nadir  are  derived  from  the  Arabic,  which  language 
has  also  given  us  many  other  astronomical  terms. 
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10.  Horizon.  —  The  Horizon  ^  is  a  great  circle  of  tlie  celestial 
sphere,  having  the  zenith  and  nadir  as  its  poles:  it  is  therefore 
half-way  between  them,  and  90**  from  each. 

A  horizontal  plane^  or  the  plane  of  the  horizon^  is  a  plane  perpendicu- 
lar to  the  direction  of  gravity,  and  the  horizon  may  also  be  correctly 
defined  as  the  intersection  of  the  celestial  sphere  by  this  plane. 

Many  writers  make  a  distinction  between  the  sensible  and  rational 
horizons.  The  plane  of  the  sensible  horizon  passes  through  the 
observer ;  the  plane  of  the  rational  horizon  passes  through  the  centre 
of  the  earth,  parallel  to  the  plane  of  the  sensible  horizon :  these  two 
planes,  parallel  to  each  other,  and  everywhere  about  4000  miles 
apart,  trace  out  on  the  sky  the  two  horizons,  the  sensible  and  the 
rational.  It  is  evident,  however,  that  on  the  infinitely  distant  surface 
of  the  celestial  sphere,  the  two  traces  sensibly  coalesce  into  one  single 
great  circle,  which  is  the  horizon  as  first  defined.  In  strictness, 
therefore,  while  we  can  distinguish  between  the  two  horizontal  planes^ 
we  get  but  one  horizon  circle  in  the  sky. 

11.  The  Visible  Horizon  is  the  line  where  sky  and  earth  meet. 
On  land  it  is  an  irregular  line,  broken  by  hills  aud  trees,  and  of  no 
astronomical  value ;  but  at  sea  it  is  a  true  circle,  and  of  great  im- 
portance in  observation.  It  is  not,  however,  a  great  circle,  but, 
technically  speaking,  only  a  small  circle ;  depressed  below  the  true 
horizon  by  an  amount  depending  upon  the  observer's  elevation  above 
the  water.  This  depression  is  called  the  Dip  of  thp  Horizon^  and  will 
be  discussed  further  on. 

12.  Vertical  Circles.  —  These  are  great  circles  passing  through 
the  zenith  and  nadir,  and  therefore  necessarily  perpendicular  to  the 
horizon — secondaries  to  it,  to  use  the  technical  term. 

Parallels  of  Altitude,  or  Almaoantam.  — These  are  small  circles 
parallel  to  the  horizon :  the  term  Almucantar  is  seldom  used. 

The  points  and  circles  thus  far  defined  are  determined  entirely  by 
the  direction  of  gravity  at  the  station  occupied  by  the  observer. 


13.  The  Diurnal  Rotation  of  the  Heavens.  —  If  one  watches  the 
sky  for  a  few  hours  some  night,  he  will  find  that,  while  certain  stars 
rise  in  the  east,  others  set  in  the  west,  and  nearly  all  the  constella- 
tions change  their  places.     Watching  longer  and  more  closely,  it  will 


*  Beware  of  the  common,  but  vulgar,  pronunciation,  Htfrizon. 
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appear  that  the  stars  move  in  circles,  uniformly,  in  such  a  way  as 
not  to  disturb  their  relative  configurations,  but  as  if  they  were 
attached  to  the  inner  surface  of  a  revolving  sphere,  turning  on  its 
axis  once  a  day.  The  path  thus  daily  described  by  a  star  is  called  its 
"  diuimcU  circle.** 

It  is  soon  evident  that  in  our  latitude  the  visible  "pole"  of  this 
sphere  —  the  point  about  which  it  turns  —  is  in  the  north,  not  quite 
half-way  up  from  the  horizon  to  the  zenith,  for  in  that  region  the  stars 
hardly  move  at  all,  but  keep  their  places  all  night  long. 

14.  The  Poles. —  The  Poles  may  be  defined  as  the  two  points  in  the 
sky,  one  in  the  northern  hemisphere  and  one  in  the  southern,  where  a 


Fio.  3.  —  The  Pole  cJiar  aod  the  Pointers. 


starts  diurnal  circle  reduces  to  zero;  i.e.,  points  where,  if  a  star  were 
placed,  it  would  suffer  no  apparent  change  of  place  during  the  whole 
twenty-four  hours.  The  line  joining  these  poles  is,  of  course,  the 
axis  of  the  celestial  sphere,  about  which  it  seems  to  rotate  daily. 

The  exact  place  of  the  pole  may  be  found  by  observing  some  star 
very  near  the  pole  at  two  times  12  hours  apart,  and  taking  the  middle 
point  between  the  two  observed  places  of  the  star. 

The  definition  of  the  pole  just  given  is  independent  of  any  theory 
as  to  the  cause  of  the  apparent  rotation  of  the  heavens.     If,  how- 
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ever,  we  admit  that  it  is  due  to  the  earth's  rotation  on  its  axis,  then 
we  may  define  the  poles  as  the  points  where  the  earth* s  axis  produced 
pierces  the  celestial  sphere, 

15.  The  Pole-star  (Polaris). — The  place  of  the  northern  pole  is 
very  conveniently  marked  by  the  Pole-star ^  a  star  of  the  second  mag- 
nitude, which  is  now  only  about  1  J®  from  the  pole :  we  say  now^  be- 
cause on  account  of  a  slow  change  in  the  direction  of  the  earth's 
axis,  called  ^^ precession"  (to  be  discussed  later),  the  distance  be- 
tween the  pole-star  and  the  pole  is  constantly  changing,  and  has  been 
for  several  centuries  gradually  decreasing. 

The  pole-star  stands  comparatively  solitary  in  the  sky,  and  may 
easily  be  recognized  by  means  of  the  so-called  ''pointers,"  —  two 
stars  in  the  "  dipper"  (in  the  constellation  of  Ursa  Major)  — which 
point  very  nearly  to  it,  as  shown  in  Fig.  3.  The  pole  is  very  nearly 
on  the  line  joining  Polaris  with  the  star  Mizar  ((;  Urs.  Maj.,  at  the 
bend  in  the  handle  of  the  dipper),  and  at  a  distance  just  about  one- 
quarter  of  the  distance  between  the  pointers,  which  are  nearly  5^ 
apart. 

The  southern  pole,  unfortunately,  is  not  so  marked  by  any  con- 
spicuous star. 

16.  The  Celestial  Equator,  or  Equinoctial  Circle. — This  is  a  great 
circle  midway  between  the  two  poles,  and  of  course  90®  from  each. 
It  may  also  be  defined  as  the  intersection  of  the  plane  of  the  earth's 
equator  with  the  celestial  sphere.  It  derives  its  name  from  the  fact 
that,  at  the  two  dates  in  the  year  when  the  sun  crosses  this  circle  — 
about  March  22  and  Sept.  22 — the  day  and  night  are  equal  in  length. 

17.  The  Vernal  Equinox,  or  First  of  Aries.  — The  Equinox,  strictly 
speaking,  is  the  time  when  the  sun  crosses  the  equator,  but  the  term 
has  come  by  accommodation  to  denote  also  the  point  where  it  crosses, 
though  in  strictness  it  should  be  called  the  '*  Equinoctial  Point.** 
This  crossing  occurs  twice  a  year,  once  in  September  and  once  in 
March,  and  the  Venial  Equinox  is  the  point  o)i  the  equator  where 
the  sun  crosses  it  in  the  spring.  It  is  sometimes  called  the  Green- 
wich of  the  Celestial  Sphere,  because  it  is  used  as  a  reference  point 
in  the  sky,  much  as  Greenwich  is  on  the  earth.  Its  position  is  not 
marked  by  any  conspicuous  star. 

Why  this  point  is  also  called  the  '*  First  of  Aries  "  will  appea^r 
later,  when  we  come  to  speak  of  the  zodiac  and  its  ''  signs." 
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18.  Honr-Circles.  —  Hour-circles  are  great  circles  of  the  celestial 
sphere  passing  through  its  poles,  and  consequently  perpendicular 
to  the  celestial  equator.  They  correspond  exactly  to  the  meridians 
of  the  earth,  and  some  writers  call  them  "  Celestial  Meridians"  ;  but 
the  term  is  objectionable,  as  likely  to  lead  to  confusion  with  the 
Meridian,  to  be  noted  immediately. 


19.  The  Meridian  and  Prime  Vertical.  —  The  Mendian  is  the  great 
cirde  passing  through  the  pole  and  the  zenith.  Since  it  is  a  great 
circle,  it  must  necessarily  pass  through  both  poles,  and  through  the 
nadir  as  well  as  the  zenith,  and  must  be  perpendicular  both  to  the 
equator  and  to  the  horizon. 

It  may  also  be  correctly  defined  as  the  VeHical  Circle  which  passes 
through  the^o/e;  or,  again,  as  the  Jlour-Circle  which  passes  through 
the  zenith,  since  all  vertical  circles  must  pass  through  the  zenith,  and 
all  hour-circles  through  the  pole. 

The  Pnme  Vertical  is  the  Vertical  Circle  (passing  through  the 
zenith)  at  right  angles  to  the  meridian  ;  heuce  lying  east  and  west 
on  the  celestial  sphere. 

20.  The  Cardinal  Points.— The  North  and  South  Points  are  the 
points  on  the  liorizon  where  it  is  intersected  by  the  meridian.  The 
East  and  West  Points  are  where  it  is  cut  by  the  prime  vertical,  and 
also  by  the  equator.  The  North  Pointy  which  is  on  the  horizon,  must 
not  be  confounded  with  the  North  Pole,  which  is  not  on  the  horizon, 
but  at  an  elevation  equal  (as  has  been  explained  already)  to  the 
latitude  of  the  observer. 


With  these  circles  and  points  of  reference  we  have  now  the  means 
to  describe  intelligibly  the  position  of  a  heavenly  body,  in  several 
different  wavs. 

We  may  give  its  altitude  and  azimuth,  or  its  declination  and  hour- 
angle;  or,  if  we  know  the  time,  its  declination  and  right  ascensioii. 
Either  of  these  pairs  of  co-ordinates,  as  they  are  called,  will  define 
its  place  in  the  sky. 

21.  Altitnde  and  Zenith  Distance  (Fig.  4).  —  The  Altitude  of  a 
heavenly  body  is  its  angxdar  elecation  above  the  horizon,  and  is  meas- 
ured by  the  arc  of  the  vertical  circle  passing  through  the  body,  and 
intercepted  between  it  and  the  horizon. 
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The  Zenith  Distance  of  a  body  ia  simply  its  angular  distance  from 
the  zenith,  'nnd  is  the  complemeot  of  the  altitude.  Altitude  +  Zenith 
DisUnce  =  90°. 

22.  Anmntb  and  AmpUtade  (Fig.  4) .  —The  Azimuth  of  a  bod; 
is  the  angle  at  the  zenith,  between  the  ine}-idian  and  the  vertical  circle, 
which  paaaes  through  the  hoiiij.  It  is  measured  also  by  the  arc  of  the 
horizon  intercepted  between  tbe  uoith  or  south  point,  and  the  foot 
of  this  vertical.  The  word  is  of  Arabic  origin,  and  has  the  sanw 
meaning  as  the  t)-ue  bearing  m  surveying  and  navigation. 


Fia.  4.  —  Tbe  HoriioD  ud  Vmlcal  Clrcl 


0.  th.  p1«»  of  Ihe  ObKn.r. 

M.  name  Star. 

OZ.  the  0b«rT*r-,  VBrtl™l. 

ZMH.  .re  of  lh«  Slir'.  V.rtl« 

Z.OwZmlih;  P.ihePole. 

SBSW.  Uie  Ho.lfon. 

An«l*7-Z.lf,or»rc.SH.HUr-. 

SZPN.  tha  UcrldUn. 

Arc  H.V.  Slai-«  AltUndi. 

«Zir,  Uh  PriniB  VerllHil. 

Arc  Z.V,  ^Wt  Zenilk  DUIan 

The  Amplitude  of  a  body 
Azimuth  +  Amplitude  =  90'. 


mplement  of   the  azimuth. 


There  are  various  ways  of  reckoning  azinuith.  Many  writers  exprww  it 
in  Uifl  same  manner  as  ihe  btaring  i«  expressed  in  surveying;  (,*.,  so  many 
degrees  east  or  west  of  north  or  soulli ;  N^.  2(1°  E.,  etc.  The  more  usual 
way  at  present  is,  however,  to  reckon  it  in  degree.s  from  the  south  point  clear 
round  through  the  east  to  th<-  point  of  beginniiig :  tlms  an  object  iu  th^ 
SE.  would  have  an  azinmth  of  V>°;  in  the  NE.,  i;to";  in  the  N.,  1S0°:  in 
the  NW..  225'=;  and  in  the  SW..  'AVP.  For  eiample,  lo  find  a  star  whose 
aninnth  is  260",  and  altitude  W,  we  niiLst  face  N.  80°  W..  and  then  Imik 
up  two-thirds  of  the  way  t'l  the  HPnitli.  Tlie  obji'ct  in  (his  case  has  an 
am^iiudt  of  10°  X.  of  W,.  and  a  zenith  distance  of  .1(1°  Fvi.i.'utly  Iwth 
the  azimuth  and  altitnrle  of  a  heaviMily  IhkIv  arc  continually  chanj;ing,  ex- 
cept in  certain  very  speci.il  cases. 
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In  Fig.  4,  /S-E-^TF represents  the  horizon,  S  being  the  south  point, 
and  Z  the  zenith.  The  angle  SZM^  which  numerically  equals  the 
arc  SH^  is  the  Azimuth  of  the  star  3f ;  while  EZMj  or  EH^  is  its 
Amplitude.     MH  is  its  Altitude^  and  ZM  its  Zenith  Distance. 

23.  Declination  and  Polar  Distance  (Fig.  5) .  —  The  Declination  of 
a  heavenl}'  body  is  its  angular  distance  north  or  south  of  the  celestial 
equator,  and  is  measured  by  the  arc  of  the  hour-circle  passing  through 
the  object,  intercepted  between  it  and  the  equator.  It  is  reckoned 
positive  (-h)  north  of  the  celestial  equator,  and  negative  (  — )  south 
of  it.  Evidently  it  is  precisely  analogous  to  the  latitude  of  a  place 
on  the  earth.  The  north-polar  distance  of  a  star  is  its  angular  dis- 
tance from  the  North  Pole,  and  is  simply  the  complement  of  the 
declination.     Declination  -|-  North- Polar  Distance  =  90**. 

The  declination  of  a  star  remains  always  the  same ;  at  least,  the 
slow  changes  that  it  undergoes  need  not  be  considered  for  our 
present  purpose.  "  Parallels  of  Declination"  are  small  circles  par- 
allel to  the  celestial  equator. 

24.  The  Hour-Angle  (Fig.  5).  —  The  Hour-Angle  of  a  star  is  the 
angle  at  the  pole  between  the  meridian  and  the  hour-circle  passing 
through  the  star.  It  may  be  reckoned  in  degrees ;  but  it  also 
may  be,  and  most  commonly  is,  reckoned  in  hours,  minutes,  and 
seconds  of  time;  the  hour  being  equivalent  to  fifteen  degrees,  and 
the  minute  and  second  of  time  being  equal  to  fifteen  minutes  or 
seconds  of  arc  respective!}'. 

Of  course  the  hour-angle  of  an  object  is  continually  changing, 
being  zero  when  the  object  is  on  the  meridian,  one  hour,  or  fifteen 
degrees, when  it  has  moved  that  amount  westward,  and  so  on. 

25.  Bight  Ascension  (Fig.  5).  —  The  Right  Ascension  of  a  star 
is  the  angle  at  the  pole  between  the  starts  hour-circle  and  the  hour- 
circle  (called  the  Equinoctial  Colure) ,  which  passes  through  the  vernal 
equinox. 

It  may  be  defined  also  as  the  arc  of  the  equator,  intercepted 
between  the  vernal  equinox  and  the  foot  of  the  star's  hour-circle. 

It  is  always  reckoned  from  the  equinox  toward  the  east;  some- 
times in  degrees,  but  usually  in  hours,  minutes,  and  seconds  of  time. 
The  right  ascension,  like  the   declination,  remains  unchanged  by  the 
diurnal  motion. 
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26.  Sidereal  Time  (Fig.  5).  —  For  many  astronomical  purposes 
it  is  convenient  to  reckon  time,  not  by  the  sun's  position  in  the  sky, 
but  by  that  of  the  vernal  equinox. 

The  Sidereal  Time  at  any  moment  may  be  defined  as  the  hour- 
angle  of  the  vernal  equinox.  It  is  sidereal  noony  when  the  equinoctial 
point  is  on  the  meridian;  1  o'clock  (sidereal)  when  its  hour-angle 
is  15® ;  and  23  o'clock  when  its  hour-angle  is  345®,  i.e.,  when  the  ver- 
nal equinox  is  an  hour  ea>8t  of  the  meridian  ;  the  time  being  reckoned 
round  through  the  whole  24  hours.  On  account  of  the  annual  motion 
of  the  sun  among  the  stars,  the  Solar  Day^  by  which  time  is  reckoned 


R? 


Fig.  6.  —  Honr-Circles,  etc. 


/f 


O,  pteee  of  Uie  Observer;  Z,  hit  Zenith. 
SENW,  the  Horixon. 

POP\  line  parallel  to  the  Axle  of  the  Earth. 
Pand  P\  the  two  Poles  of  the  Heaveni. 
EQWT»  the  Celestial  Equator,  or  Equinoctial. 
X,  the  Vamal  Equinox,  or  «•  First  of  Aries." 
PIP*,  the  Equinoctial  Colure,  or  Zero  Hour- 

CIrele. 
M,  some  Star. 


Tm,  the  Star's  Declination ;  Pm,  its  Xortk' 
polar  instance. 

Anglo  mf*/?=  arc  QY,  the  Star's  (eastern) 
Hour-Angle ;  =  24^  minus  Star's  (west- 
ern) Hour-Angle. 

Angle  XPm  =  arc  XT.  SUr's  Right  Ascension. 
Sidereal  time  at  the  moment  <«24k  minus 
angle  XPQ. 


for  ordinary  purposes,  is  about  4  minutes  longer  than  the  sidereal 
day.  The  exact  difference  is  3'"  o6V394  (sidereal),  or  just  one  day 
in  a  year;  there  being  366 1^  sidereal  days  in  the  year,  as  against 
365^  solar  days. 


27.  Observatory  Definition  of  Right  Ascension. — It  is  evident  from 
the  above  definition  of  sidereal  time,  that  we  may  also  define  the 
Right  Ascension  of  a  star  as  the  sidereal  time  when  the  star  crosses 
the  meridian.    The  Star  and  the  Vernal  Equinox  are  both  of  them 


V>  ^!t?r I :r :•,!§•<    *..ra   ^ssin^^'  Tn3fHnBSL*:z3T3aL 


wir*  t^j»^  *li^  T^ria*  *fuuntyz  istt  WKWft .    nut  iii»  3iimn«?  rf 
«  'i:^  v0U»r-*ai  "Utu:  ir  iu^  ncouinc  if  '^  «ar>  sinsiL  mil 
ft«  /||tjt  as<;*nm#v(u    Ta  "ait  vnnEmnr^.  -ma  tfs&miaa.  if  Hgnr 

;-  M  vv*^  ivw  'iias  •tut  rxpc  i*!«i«j:a  if  i  ?cir  srrr 
jrfr/  *T:wri^7  -r  r*i  -iu*^  K^upruUi  'if  i  luu**  :a  lag 


4rjrjr/  •/,  j/f^'^^^t  >V>«»/u65r*,      fsi*it  ATL  ITr.j 


j>f  iff#^  TrfrtiA-al^  ar^'i  ♦ry/wii  br/w  th*  poftitk^  of  s  siar  i*  byik^l^d  by 

Um  x\\\^jAh  %u'\  ^zlrrr^Xh,  TL:*  fram-ewr.irk  of  «r«:-I^s.  dr pending 
fip'/f*  tf^  d;f«^rt*-'/Tj  of  ^raritj.  of  oryjrs*  alwajs  r^niains  apfartntiy 
uufih^ti'//^\  in  iff^itUjn^  M  if  attvirfaed  directly  to  the  e^rth.  wbik  the 
»ikjr  a|/f/aif^fitJv  tfjm«i  ar<^>aiKl  outside  it. 

Th^j  </th^r  fijT'jf'i  ^fig.  5)  repre?^ents  the  system  of  points  and 
i'trt'.U'H  which  d*ffj<rrid  iJfX;n  the  earth's  rotation,  and  are  independent 
of  the  dire/'tion  of  j^ravity.  Tlie  vernal  eqninox  and  the  hoar-circles 
II jif;»r«' fitly  revolve  with  the  stars  while  the  pole  remains  fixed  opon 
I  he  UM^ridiari,  and  the  erjuator  and  [parallels  of  declination,  revolving 
Iriily  in  their  own  planr-H,  al«k->  ap[>ear  to  liC  at  rest  in  the  sky.  But 
tiMr  whole  HVMfeni  of  lines  and  f>oint8  represented  in  the  figure  (hori- 
zon and  meridian  alone  excepted)  may  be  considered  as  attached 
!/*,  or  markerl  out  u[>on,  the  inner  surface  of  the  celestial  vault  and 
whirling  with  it. 

It  need  hardly  Ik?  said  that  the  **  appearances  are  deceitful"  — 
thai  which  in  really  carried  nround  by  the  earth's  rotation  is  the 
ofmervcr,  with  hin  plumb-lino  and  zenith,  his  horizon  and  meridian ; 
while  the  HtrtfH  Mtund  ntill  —at  least,  their  motions  in  a  day  are  in- 
HeuMlblo  HM  N(!en  from  the  earth. 
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At  the  poles  of  the  earth,  which  are,  mathematically  speaking,  ^  singular  " 
points,  the  definitions  of  the  Meridian,  of  North  and  South,  etc^  break 
down. 

There  the  pole  (celestial)  and  zenith  coincide,  and  any  number  of  circles 
may  be  drawn  through  the  two  points,  which  hare  now  become  one.  The 
horizon  and  equator  coalesce,  and  the  only  direction  on  the  earth's  surface 
is  due  south  (or  north)  —  east  and  west  have  vanished. 

A  single  step  of  the  observer  will,  however,  remedy  the  confusion :  zenith 
and  pole  will  separate,  and  his  meridian  will  again  become  determinate. 


To  recapitaUte :  The  direction  of  gravity  at  the  point  where 
the  obseirer  stands  determines  the  Zenith  and  Nadir,  the  Horizon,  and 
the  Almocantars  (parallel  to  the  Horizon),  and  all  the  vertical  circles. 
One  of  the  Terticals,  the  Meridian^  is  singled  out  from  the  rest  by 
Vbe  circumstance  that  it  passes  through  the  jKfle  of  the  sky,  marking 
the  North  and  South  Po'mts  where  it  cuts  the  horizon. 

Ahitiide  and  Azimuth  (or  their  complements,  Zenith  Distance 
and  Amf^tode)  are  the  co-ordinates  which  designate  the  position 
€i  a  body  by  reference  to  the  Zenith  and  the  Meridian. 

Similariy,  the  direction  of  the  earth* s  axis  (which  is  independent 
of  the  observer's  place  on  the  earth)  determines  the  Poles,  the 
Equator,  the  Parallels  of  Declination,  and  the  Hour-Circles.  Ttco 
oi  these  Hoar-Circles  are  singled  out  as  reference  lines ;  one  of  them, 
the  Meridian,  which  passes  through  the  Zenith,  and  is  a  purely 
local  reference  line :  the  other,  the  Equinoctial  Colure,  which  passes 
through  the  Vernal  Equinox,  a  point  chosen  from  its  relation  to  the 
•on's  annnal  motion.  Declination  and  Hour-Angle  are  the  co-ordi- 
■ates  which  refer  the  place  of  a  star  to  the  Pole  and  the  Meridian : 
winle  Declinatioa  and  Right  A/Ketmion  refer  it  to  the  Pole  and  Equi- 
■DCtial  Colnre.  The  latter  are  the  co-ordinates  usually  employed  in 
star-catalogues  and  ephemerides  to  define  the  positions  of  stars  and 
planets,  and  correspond  exactly  to  Latitude  and  Longitude  on  the 
earth,  bj  means  of  whidi  geographical  positions  are  designated. 

90.  Irittiitn  of  tke  i^iparent  Diurnal  Motion  of  the  Sky  to  the 
OkMTfcr's  Latitude. — Evidently  the  ap|>arent  motions  of  the  stars 
wtD  be  coosideraWv  influenced  l»v  the  station  of  the  o>>server.  sinc-e 
tbe  place  of  the  ix>le  in  the  sky  will  depend  upon  it.  The  AUitude 
of  the  pole,  or  it*  height  in  degrees  aboce  the  horizon.  Is  always  er^ual 
to  the  JjTtUmde  of  the  obser\-er.  Indee<l.  the  German  worrl  for  lati- 
(aatroDomical)  b  Polhohe;  i.e.,  dimply  **  Pole-height.'' 
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fixed  points  in  the  sky,  and  do  not  change  their  relative  position  dur- 
ing the  skj's  apparent  daily  revolution ;  a  given  star,  therefore, 
always  comes  to  the  meridian  of  any  observer  the  same  number  of 
hours  after  the  vernal  equinox  has  passed ;  and  this  number  of  hours 
is  the  sidereal  time  at  the  moment  of  the  star's  transit,  and  measures 
its  right  ascension.  In  the  observatory,  this  definition  of  right  ascen- 
sion is  the  most  natural  and  convenient. 

It  is  obvious  that  the  right  ascension  of  a  star  corresponds  in  the 
sky  exactly  with  the  longitude  of  a  place  on  the  earth ;  terresti'ial 
longitude  being  reckoned  from  Greenwich,  just  as  right  ascension 
is  reckoned  from  the  vernal  equinox. 

N.B.  We  shall  find  hereafter  that  the  stars  have  latitudes  and 
longitudes  of  their  own  ;  hut  unfortunately  these  celestial  laiitudes  and 
longitudes  do  not  correspond  to  the  terrestnal,  and  great  care  is  neces^ 
sary  to  prevent  confusion,     (See  Art.  179.) 

28.  An  armillary  sphere,  or  some  equivalent  apparatus,  is  almost 
essential  to  enable  a  beginner  to  get  correct  ideas  of  the  points, 
circles,  and  co-ordinates  defined  above,  but  the  figures  will  perhaps 
be  of  assistance. 

The  first  of  them  (Fig.  4)  represents  the  horizon,  meridian,  and 
prime  vertical,  and  shows  how  the  position  of  a  star  is  indicated  by 
its  altitude  and  azimuth.  This  framework  of  circles,  depending 
upon  the  direction  of  gravity,  of  course  always  remains  apparently 
unchanged  in  position,  as  if  attached  directly  to  the  earth,  while  the 
sky  apparently  turns  around  outside  it. 

The  other  figure  (Fig.  5)  represents  the  system  of  points  and 
circles  which  depend  upon  the  earth's  rotation,  and  are  independent 
of  the  direction  of  gravity.  The  vernal  equinox  and  the  hour-circles 
apparently  revolve  with  the  stars  while  the  pole  remains  fixed  upon 
the  meridian,  and  the  equator  and  parallels  of  declination,  revolving 
truly  in  their  own  planes,  also  appear  to  be  at  rest  in  the  sky.  But 
the  whole  system  of  lines  and  points  represented  in  the  figure  (hori- 
zon and  meridian  alone  excepted)  may  be  considered  as  attached 
to,  or  marked  out  upon,  the  inner  surface  of  the  celestial  vault  and 
whirling  with  it. 

It  need  hardly  be  said  that  the  ''appearances  are  deceitful**  — 
that  which  is  really  carried  around  by  the  earth's  rotation  is  the 
observer,  with  his  plumb-line  and  zenith,  his  horizon  and  meridian ; 
while  the  stars  stand  still  —  at  least,  their  motions  in  a  day  are  in- 
sensible as  seen  from  the  earth. 
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At  the  poles  of  the  earth,  which  are,  mathematkallj  speakiog,  *^  singular  " 
pointft.  the  definidoDS  of  the  Meridian,  of  North  and  South,  etc^  break 
down. 

There  the  pole  (celestial)  and  zenith  coincide,  and  any  number  of  circles 
maj  be  drawn  through  the  two  points,  which  have  now  become  one.  The 
horizon  and  equator  coalesce,  and  the  only  direction  on  the  earth's  surface 
is  due  south  (or  north)  —  eat^t  and  west  have  ranished. 

A  single  step  of  the  obtsenrer  will,  however,  remedy  the  confusion :  zenith 
and  pole  will  separate,  and  his  meridian  will  again  become  determinate. 


To  recapitulate :  The  dirtction  of  gravity  at  the  point  where 
the  obaerrer  stands  determines  the  Zenith  and  Nadir,  the  Horizon,  and 
the  Almocantars  (parallel  to  the  Horizon),  and  all  the  vertical  circles. 
One  of  the  verticals,  the  Meridian^  is  sii^led  oat  from  the  rest  by 
fbe  circnmstance  that  it  passes  through  the  jxile  of  the  sky,  marking 
the  North  and  Soath  Points  where  it  cats  the  horizon. 

Altitude  and  Azimuth  (or  their  complements.  Zenith  Distance 
and  Amplitude)  are  the  co-ordinates  which  designate  the  position 
of  a  body  by  reference  to  the  Zenith  and  the  Meridian. 

Similarly,  the  dirtdion  of  the  earth's  axis  (which  is  independent 
of  the  observer's  place  on  the  earth)  determines  the  Poles,  the 
Equator,  the  Parallels  of  Declination,  and  the  Hour-Circles.  Tko 
of  these  Hoor-Circles  are  singled  oat  as  reference  lines ;  one  of  them, 
the  Meridian,  which  passes  through  the  Zenith,  and  is  a  purely 
local  reference  line :  the  other,  the  Equinoctial  Colure,  which  passes 
through  the  Vernal  Equinox,  a  point  chosen  from  its  relation  to  the 
son's  annual  motion.  Declination  and  Hour- Angle  are  the  co-ordi- 
nates which  refer  the  place  of  a  star  to  the  Pole  and  the  Meridian ; 
while  Declinadoo  and  Right  Ascension  refer  it  to  the  Pole  and  Equi- 
noctial Colure.  The  latter  are  the  co-ordinates  usually  employed  in 
star-catalogues  and  epbemerides  to  define  the  positions  of  stars  and 
planets,  and  correspond  exactly  to  Latitude  and  Longitude  on  the 
earth,  by  means  of  whidi  geographical  positions  are  designated. 

90.  Belation  of  tte  Appmrent  Divmal  Motion  of  the  Sky  to  the 
Ohaerrer*!  Latitade.  —  Evidently  the  apimrent  motions  of  the  stars 
will  be  considerablv  influenced  bv  the  station  of  the  observer,  sinc-e 
the  place  of  the  |>ole  in  the  sky  will  depend  upon  it.  The  AUitude 
of  the  pole,  or  its  height  in  degrees  ahore  the  horizon,  is  always  equal 
to  the  LatitHde  of  the  oliserver.  Indeeil,  the  German  won  I  for  lati- 
tude (astronomical)  is  PolhAe;  i.e.,  riicply  **  Pole-height. '' 
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fixed  points  in  the  sky,  and  do  not  change  their  relative  position  dur- 
ing the  sky's  apparent  daily  revolution ;  a  given  star,  therefore, 
always  comes  to  the  meridian  of  any  observer  the  same  number  of 
hours  after  the  vernal  equinox  has  passed ;  and  this  number  of  hours 
is  the  sidereal  time  at  the  moment  of  the  star's  transit,  and  measures 
its  right  ascension.  In  the  observatory,  this  definition  of  right  ascen- 
sion is  the  most  natural  and  convenient. 

It  is  obvious  that  the  right  ascension  of  a  star  corresponds  in  the 
sky  exactly  with  the  longitude  of  a  place  on  the  earth ;  terrestrial 
longitude  being  reckoned  from  Greenwich,  just  as  right  ascension 
is  reckoned  from  the  vernal  equinox. 

N.B.  We  shall  find  hereafter  that  the  stars  have  latitudes  and 
longitudes  of  their  own  ;  but  unfortunately  these  celestial  latitudes  and 
longittides  do  not  correspond  to  the  terrestnal^  and  great  care  is  neces^ 
8ai*y  to  prevent  confusion.     (See  Art.  179.) 

28.  An  armillary  sphere,  or  some  equivalent  apparatus,  is  almost 
essential  to  enable  a  beginner  to  get  correct  ideas  of  the  points, 
circles,  and  co-ordinates  defined  above,  but  the  figures  will  perhaps 
be  of  assistance. 

The  first  of  them  (Fig.  4)  represents  the  horizon,  meridian,  and 
prime  vertical,  and  shows  how  the  position  of  a  star  is  indicated  by 
its  altitude  and  azimuth.  This  framework  of  circles,  depending 
upon  the  direction  of  gravity,  of  course  always  remains  apparently 
unchanged  in  position,  as  if  attached  directly  to  the  earth,  while  the 
sky  apparently  turns  around  outside  it. 

The  other  figure  (Fig.  5)  represents  the  system  of  points  and 
circles  which  depend  upon  the  earth's  rotation,  and  are  independent 
of  the  direction  of  gravit}'.  The  vernal  equinox  and  the  hour-circles 
apparently  revolve  with  the  stars  while  the  pole  remains  fixed  upon 
the  meridian,  and  the  equator  and  parallels  of  declination,  revolving 
truly  in  their  own  planes,  also  appear  to  be  at  rest  in  the  sky.  But 
the  whole  system  of  lines  and  points  represented  in  the  figure  (hori- 
zon and  meridian  alone  excepted)  may  be  considered  as  attached 
to,  or  marked  out  upon,  the  inner  surface  of  the  celestial  vault  and 
whirling  with  it. 

It  need  hardly  be  said  that  the  **  appearances  are  deceitful"  — 
that  which  is  really  carried  around  by  the  earth's  rotation  is  the 
observer,  with  his  plumb-line  and  zenith,  his  horizon  and  meridian ; 
while  the  stars  stand  still  —  at  least,  their  motions  in  a  day  are  in- 
sensible as  seen  from  the  earth. 
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At  the  poles  of  the  earth,  which  are,  mathematically  speaking,  << singular" 
points,  the  definitions  of  the  Meridian,  of  North  and  South,  etc.,  break 
down. 

There  the  pole  (celestial)  and  zenith  coincide,  and  any  number  of  circles 
may  be  drawn  through  the  two  pouits,  which  have  now  become  one.  The 
horizon  and  equator  coalesce,  and  the  only  direction  on  the  earth's  surface 
is  due  south  (or  north)  —  east  and  west  have  vanished. 

A  single  step  of  the  observer  will,  however,  remedy  the  confusion :  zenith 
and  pole  will  separate,  and  his  meridian  will  again  become  determinate. 

29.  To  recapitulate :  The  direction  of  gravity  at  the  point  where 
the  observer  stands  determines  the  Zenith  and  Nadir,  the  Horizon,  and 
the  Almucantars  (parallel  to  the  Horizon),  and  all  the  vertical  circles. 
One  of  the  verticals,  the  Meridian j  is  singled  out  from  the  rest  by 
the  circumstance  that  it  passes  through  the  pole  of  the  sky,  marking 
the  North  and  South  Points  where  it  cuts  the  horizon. 

Altitude  and  Azimuth  (or  their  complements.  Zenith  Distance 
and  Amplitude)  are  the  co-ordinates  which  designate  the  position 
of  a  body  by  reference  to  the  Zenith  and  the  Meridian. 

Similarly,  the  direction  of  the  earth* 8  axis  (which  is  independent 
of  the  observer's  place  on  the  earth)  determines  the  Poles,  the 
Equator,  the  Parallels  of  Declination,  and  the  Hour-Circles.  Two 
of  these  Hour-Circles  are  singled  out  as  reference  lines ;  one  of  them, 
the  Meridian,  which  passes  through  the  Zenith,  and  is  a  purely 
local  reference  line ;  the  other,  the  Equinoctial  Colure,  which  passes 
through  the  Vernal  Equinox,  a  point  chosen  from  its  relation  to  the 
sun's  annual  motion.  Declination  and  Hour-Angle  are  the  co-ordi- 
nates which  refer  the  place  of  a  star  to  the  Pole  and  the  Meridian ; 
while  Declination  and  Right  Ascension  refer  it  to  the  Pole  and  Equi- 
noctial Colure.  The  latter  are  the  co-ordinates  usually  employed  in 
star-catalogues  and  ephemerides  to  define  the  positions  of  stars  and 
planets,  and  correspond  exactly  to  Latitude  and  Ix)ngitude  on  the 
earth,  by  means  of  which  geographical  positions  are  designated. 

30.  Relation  of  the  Apparent  Diurnal  Motion  of  the  Sky  to  the 
Observer's  Latitude.  —  Evidently  the  apparent  motions  of  the  stars 
will  be  considerably  influenced  by  the  station  of  the  observer,  since 
the  place  of  the  pole  in  tlie  sky  will  depend  upon  it.  Tlie  Altitude 
of  the  pole,  or  its  height  in  degrees  above  the  horizon,  is  always  equal 
to  the  Latitude  of  the  observer.  Indeed,  the  German  word  for  lati- 
tude (astronomical)  is  Polhohe;  i.e.,  simply  '*  Pole-height." 


16  DEFINITIONS   AND   GENERAL  CONSIDERATIONS. 

fixed  points  in  the  sky,  and  do  not  change  their  relative  position  dur- 
ing the  sky's  apparent  daily  revolution ;  a  given  star,  therefore, 
always  comes  to  the  meridian  of  any  observer  the  same  number  of 
hours  after  the  vernal  equinox  has  passed ;  and  this  number  of  hoars 
is  the  sidereal  time  at  the  moment  of  the  star's  transit,  and  measures 
its  right  ascension.  In  the  observatory,  this  definition  of  right  ascen- 
sion is  the  most  natural  and  convenient. 

It  is  obvious  that  the  right  ascension  of  a  star  corresponds  in  the 
sky  exactly  with  the  longitude  of  a  place  on  the  earth ;  terrestrial 
longitude  being  reckoned  from  Greenwich,  just  as  right  ascension 
is  reckoned  from  the  vernal  equinox. 

N.B.  We  shall  find  hereafter  that  the  stars  have  latitudes  and 
longitudes  of  their  oxen  ;  JnU  unfortunately  these  celestial  latitudes  and 
longitudes  do  not  correspond  to  the  terrestnal^  and  great  care  is  neces^ 
sary  to  prevent  confusion.     (See  Art.  179.) 

28.  An  armiUary  sphere,  or  some  equivalent  apparatus,  is  almost 
essential  to  enable  a  beginner  to  get  correct  ideas  of  the  points, 
circles,  and  co-ordinates  defined  above,  but  the  figures  will  perhaps 
be  of  assistance. 

The  first  of  them  (Fig.  4)  represents  the  horizon,  meridian,  and 
prime  vertical,  and  shows  how  the  position  of  a  star  is  indicated  by 
its  altitude  and  azimuth.  This  framework  of  circles,  depending 
upon  the  direction  of  gravity,  of  course  always  remains  apparently 
unchanged  in  position,  as  if  attached  directly  to  the  earth,  while  the 
sky  apparently  turns  around  outside  it. 

The  other  figure  (Fig.  5)  represents  the  system  of  points  and 
circles  which  depend  upon  the  earth's  rotation,  and  are  independent 
of  the  direction  of  gravity.  The  vcrual  equinox  and  the  hour-circles 
apparently  revolve  with  the  stars  while  the  pole  remains  fixed  upon 
the  meridian,  and  the  equator  and  parallels  of  declination,  revolving 
truly  in  their  own  planes,  also  appear  to  be  at  rest  in  the  sky.  But 
the  whole  system  of  lines  and  points  represented  in  the  figure  (hori- 
zon and  meridian  alone  excepted)  may  be  considered  as  attached 
to,  or  marked  out  upon,  the  inner  surface  of  the  celestial  vault  and 
whirling  with  it. 

It  need  hardly  be  said  that  the  "appearances  are  deceitful"  — 
that  which  is  really  carried  around  by  the  earth's  rotation  is  the 
observer,  with  his  plumb-line  and  zenith,  his  horizon  and  meridian ; 
while  the  stars  stand  still  —  at  least,  their  motions  in  a  day  are  in- 
sensible as  seen  from  the  earth. 
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At  the  poles  of  the  earth,  which  are,  mathematically  speaking,  <<  singular 
points  the  definitions  of  the  Meridian,  of  North  and  South,  etc.,  break 
down. 

There  the  pole  (celestial)  and  zenith  coincide,  and  any  number  of  circles 
may  be  drawn  through  the  two  points,  which  have  now  become  one.  The 
horizon  and  equator  coalesce,  and  the  only  direction  on  the  earth's  surface 
is  due  south  (or  north)  —  east  and  west  have  vanished. 

A  single  step  of  the  observer  will,  however,  remedy  the  confusion :  zenith 
and  pole  will  separate,  and  his  meridian  will  again  become  determinate. 


29.  To  recapitulate :  The  direction  of  gravity  at  the  point  where 
the  observer  stands  determines  the  Zenith  and  Nadir,  the  Horizon,  and 
the  Almucantars  (parallel  to  the  Horizon),  and  all  the  vertical  circles. 
One  of  the  verticals,  the  Meridian^  is  singled  out  from  the  rest  by 
the  circumstance  that  it  passes  through  the  pole  of  the  sky,  marking 
the  North  and  South  Points  where  it  cuts  the  horizon. 

Altitude  and  Azimuth  (or  their  complements.  Zenith  Distance 
and  Amplitude)  are  the  co-ordinates  which  designate  the  position 
of  a  body  by  reference  to  the  Zenith  and  the  Meridian. 

Similarly,  the  direction  of  the  earth's  axis  (which  is  independent 
of  the  observer's  place  on  the  earth)  determines  the  Poles,  the 
Equator,  the  Parallels  of  Declination,  and  the  Hour-Circles.  Two 
of  these  Hour-Circles  are  singled  out  as  reference  lines ;  one  of  them, 
the  Meridian,  which  passes  through  the  Zenith,  and  is  a  purely 
local  reference  line ;  the  other,  the  Equinoctial  Colure,  which  passes 
through  the  Vernal  Equinox,  a  point  chosen  from  its  relation  to  the 
sun's  annual  motion.  Declination  and  Hour-Angle  are  the  co-ordi- 
nates which  refer  the  place  of  a  star  to  the  Pole  and  the  Meridian ; 
while  Declination  and  Right  Ascension  refer  it  to  the  Pole  and  Equi- 
noctial Colure.  The  latter  are  the  co-ordinates  usually  employed  in 
star-catalogues  and  ephemerides  to  define  the  positions  of  stars  and 
planets,  and  corres|K)nd  exactly  to  Latitude  and  Ix>ngitude  on  the 
earth,  by  means  of  which  geographical  positions  are  designated. 

30.  Relation  of  the  Apparent  Diurnal  Motion  of  the  Sky  to  the 
Observer's  Latitude.  —  Evidently  the  apparent  motions  of  the  stare 
will  be  considerably  influenced  by  the  station  of  the  observer,  since 
the  place  of  the  pole  in  the  sky  will  depend  upon  it.  The  Altitude 
of  the  pole,  or  its  height  in  degrees  above  the  horizon,  is  always  ecjual 
to  the  Latitude  of  the  observer.  Indeed,  the  German  word  for  lati- 
tude (astronomical)  is  Polhohe;  *.e.,  simply  ''Pole-height. 
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This  will  be  clear  from  Fig.  6.  The  latitude  of  a  place  is 
the  angle  between  Us  plumb-Hne  and  the  plane  of  tke  equator;  the 
angle  ONQ  in  the  figure.  [If  the  earth  were  truly  spherical,  N 
would  coincide  with  C,  the  centre  of  the  earth.  The  oidinarv 
definition  of  latitude  given  in  the  geographies  disregards  the  slight 
difference.] 

Now  the  angle  II'OP"  is  equal  to  ONQ,  because  their  sides  are 
mutually  perpendicular ;  and  it  is  also  the  attilude  of  the  pole,  be- 
cause the  line  IIII'  is  horizontal  at  0,  and  OP"  is  parallel  to  PP",  the 
earth's  axis,  and  therefore  points  to  the  celestial  pole. 

This  fundanaental  relation,  Ihat  the  altitude  of  the  celestial  pole  is 
the  Latitude  of  tke  observer,  cannot  be  too  strongly  impressed  on  the 
student's  mind.    The  usual  symbol  for  the  latitude  of  a  place  is  ijt. 


31.  The  Sight  Sphere.  —  If  Ihc  observer  is  situated  at  the 
earth's  equator,  i.e.,  in  latitude  zero  (i^  =  o),  the  pole  will  be  iu  the 
horizon,  and  the  equator  will  |>ass  vertically  overhead  through  the 
zenith. 

The  stars  will  rise  and  set  vertically,  and  their  diurnal  circles  will 
all  be  bisected  by  the  horizon,  so  tli:it  tliey  will  he  \'2  hours  above 
it  mid  12  below.  This  aspect  of  the  heavens  is  called  the  Right 
Sphere. 

32.  The  Parallel  Sphere.  —If  the  observer  is  at  the  pole  of  the 
earth  (•^=90°),  then  the  celestial  |>ole  will  be  in  the  zenith,  and 
the  equator  will  coincide  with  the  horizon.  If  he  is  at  the  North 
Fole,  all  stars  north  of  the  celestial  equator  will  remain  permanently 
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above  the  horizon,  never  rising  or  falling  at  all,  but  sailing  around 
on  circles  of  altitude  (or  Almucantars)  parallel  to  the  horizon. 
Stars  in  the  Southern  Hemisphere,  on  the  other  hand,  would  never 
rise  to  view.  As  the  sun  and  the  moon  move  in  such  a  way  that 
during  half  the  time  they  are  alternately  north  and  south  of  the 
equator,  they  will  be  half  the  time  above  the  horizon  and  half  the 
time  below  it.  The  moon  would  be  visible  for  about  a  fortnight  at  a 
time,  and  the  sun  for  six  months. 

83.  The  Oblique  Sphere  (Fig.  7). — At  any  station  between  the 
pole  and  equator  the  stars  will  move  in  circles  oblique  to  the  horizon, 
SENW  in  the  figure.  Those  whose  distance  from  the  elevated  pole 
is  less  than  the  latitude  of  the  place  will,  of  course,  never  sink  below 
the  horizon,  —  the  radius  of  the  ^"^  Circle  of  Perpetual  Apparition^** 
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KiG.  7.  —  The  Oblique  Sphere  and  Diurnal  Circle*. 

as  it  is  called  (the  shaded  cap  around  /*  in  the  figure)  i  l)eing  just 
equal  to  the  height  of  the  pole,  and  beconiinsi  larger  as  the  latitude 
increases.  On  the  other  hand,  stars  within  the  same  distance  of  the 
<lepressed  pole  will  lie  within  the  **  Circle  of  Perpetftal  Oc^nltation,'* 
and  will  never  rise  aliovc  the  horizon. 

A  star  exactly  on  the  celestial  equator  will  have  its  diurnal  circle 
EQWQ'  bisected  by  the  horizon,  and  will  be  above  the  horizon  just 
as  long  as  below  it.  A  star  north  of  the  equator  (if  the  North  Pole 
is  the  elevated  one)  will  have  more  than  half  of  its  diurnal  circle 
above  the  horizon,  and  will  be  visible  more  than  half  the  time  ;  as,  for 
instance,  a  star  at  A :  and  of  course  the  reverse  will  l>c  true  of  stars 


20  DEFINITIONS   AND   GENERAL  CONSIDERATIONS. 

on  the  other  side  of  the  equator.*  Whenever  the  sun  is  north  of 
the  equator,  the  day  will  therefore  be  longer  than  the  night  for  all 
stations  in  northern  latitude.:  how  much  longer  will  depend  both  on 
the  latitude  of  the  place  and  the  sun's  distance  from  the  celestial 
equator. 

^  A  Celestial  Globe  will  be  of  great  assistance  in  studying  these  diurnal  circles. 
The  north  pole  of  the  globe  must  be  elevated  to  an  angle  equal  to  the  latitude  of 
the  observer,  which  can  be  done  by  means  of  the  degrees  marked  on  the  brass 
meridian.  It  will  then  at  once  be  easily  seen  what  stars  never  set,  which  ones 
never  rise,  and  during  what  part  of  the  24  hours  any  heavenly  body  at  a  known 
distance  from  the  equator  is  above  or  below  the  horizon. 
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CHAPTER   II. 

ASTRONOMICAL   INSTRUMENTS. 

84.  Astronomical  observations  are  of  various  kinds :  sometimes 
we  desire  to  ascertain  the  apparent  distance  between  two  bodies  at  a 
given  time  ;  sometimes  the  position  which  a  body  occupies  at  a  given 
time,  or  the  moment  it  ariives  at  a  given  circle  of  the  sky,  usually 
the  meridian.  Sometimes  we  wish  merely  to  examine  its  surface,  to 
measure  its  light,  or  to  investigate  its  spectrum ;  and  for  all  these 
purposes  special  instruments  have  been  devised. 

We  propose  in  this  chapter  to  describe  very  briefly  a  few  of  the 
most  important. 

35.  Telescopes  in  General. — Telescopes  are  of  two  kinds,  refract- 
ing and  reflecting.  The  former  were  first  invented,  and  are  much 
more  used,  but  the  largest  instruments  ever  made  are  reflectors.  In 
both  the  fundamental  principle  is  the  same.  The  large  lens,  or  mir- 
ror, of  the  instrument  forms  at  its  focus  a  real  image  of  the  object 
looked  at,  and  this  image  is  then  examined  and  magnified  by  the  eye- 
piece, which  in  principle  is  only  a  magnifying-glass. 

In  the  form  of  telescope,  however,  introduced  by  Galileo,^  and  still  used 
as  the  "  opera-glass,"  the  rays  from  the  object-glass  are  intercepted  by  a  con- 
cave lens  which  performs  the  office  of  an  eye-piece  before  they  meet  at  the 
focus  to  form  the  "  real  image."  But  on  account  of  the  smallness  of  the 
field  of  view,  and  other  objections,  this  form  of  telescope  is  never  used  when 
any  considerable  power  is  needed. 

1  In  strictness,  Galileo  did  not  invent  the  telescope.  Its  Jirst  invention 
seems  to  have  been  in  1608,  by  Lipperhey,  a  spectacle-maker  of  Middlcburg, 
in  Holland ;  though  the  honor  has  also  been  claimed  for  two  or  three  other 
Dutch  opticians.  Galileo,  in  his  "Nuncius  Sydereus,"  published  in  March, 
1610,  himself  says  that  he  had  heard  of  the  Dutch  instruments  in  1609,  and 
by  so  hearing  was  led  to  construct  his  own,  which,  however,  far  excelled  in 
power  any  that  had  been  made  previously ;  and  he  was  the  first  to  apply 
the  telescope  to  Astronomy.  See  Grant's  "History  of  Astronomy,"  pp.  514 
tnd  seqq. 
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36.  Simple  Refracting  Telescope. — This  consists  essentially  as 
shown  in  the  figure  (Fig.  8),  of  a  tube  containing  two  lenses :  a  single 
convex  lens,  A,  called  the  object-glass  ;  and  another,  of  smaller  size 
and  short  focus,  JB,  called  ttfe  eye-piece.  Recalling  the  principles  of 
lenses  the  student  will  see  that  if  the  instrument  be  directed  at  a  dis- 
tant object,  the  moon,  for  instance,  all  the  rays,  a^aia^j  which  fall 
upon  the  object-glass  from  a  point  at  the  top  of  the  moon,  will  be 
collected  at  a  in  the  focal  plane,  at  the  bottom  of  the  image.  Simi- 
larly rays  from  the  bottom  of  the  moon  will  go  to  6  at  the  top  of  the 
image ;  moreover,  since  the  rays  that  pass  through  the  optical  centre 
of  the  lens,  o,  are  undeviated,^  the  angle  Offibo  will  equal  boa ;  or,  in 
other  words,  if  the  focal  length  of  the  lens  be  five  feet,  for  instance, 
then  the  image  of  the  moon,  seen  from  a  distance  of  five  feet,  will 
appear  just  as  large  as  the  moon  itself  does  in  the  sky,  —  it  will 
subtend  the  same  angle.     If  we  look  at  it  from  a  smaller  distance. 


At-" 

Fio.  8.  —  Path  of  the  Rays  in  the  AstroDomical  Telescope. 


say  from  a  distance  of  one  foot,  the  image  will  look  larger  than  the 
moon ;  and  in  fact,  without  using  an  eye-piece  at  all,  a  person  with 
normal  eyes  can  obtain  considerable  magnifying  power  from  the 
object-glass  of  a  large  telescope.  With  a  lens  of  ten  feet  focal 
length,  such  as  is  ordinarily  used  in  an  8-inch  telescope,  one  can 
easily  see  the  mountaius  on  the  moon  and  the  satellites  of  Jupiter, 
by  taking  out  the  eye-piece,  and  putting  the  eye  in  the  line  of  vision 
some  eight  or  ten  inches  back  of  the  eye-piece  hole. 

The  image  is  a  real  one;  i.e.,  the  rays  that  come  from  different 
points  in  the  object  actnalbj  meet  at  corresponding  points  in  the  im- 
age, so  that  if  a  photographic  plate  were  inserted  at  a6,  and  prop- 
erly exposed,  a  picture  would  be  obtained. 

If  we  look  at  the  image  with  the  naked  eye,  we  cannot  come  nearer 


1  In  this  explanation,  we  use  the  approximate  theory  of  lenses  (in  which  their 
thickness  is  neglected),  as  given  in  the  elementary  t«xt-books.  The  more  exact 
theory  of  Gauss  and  later  writers  would  require  some  slight  modifications  in  our 
statements,  but  none  of  any  material  importance.  For  a  thorough  discussion, 
see  Jamin,  "  Trait€ de Physique,*  or  Encyc.  Britannica,  —  Optics. 
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to  the  image  (unless  near-sighted)  than  eight  or  ten  inches,  and  so 
cannot  get  any  great  magnifying  power ;  but  if  we  use  a  magnify- 
ing-glass,  we  can  approach  much  closer. 

37.  Magnifying  Power.  —  If  the  eye-piece  B  is  set  at  a  distance 
from  the  image  equal  to  its  principal  focal  distance,  then  any  pencil  of 
rays  from  any  point  of  the  image  will,  after  passing  the  lens,  be  con- 
verted into  a  parallel  beam,  and  will  appear  to  the  eye  to  come  from 
a  point  at  an  infinite  distance,  as  if  from  an  object  in  the  sky.  The 
rays  which  came  from  the  top  of  the  moon,  for  instance,  aud  are  col- 
lected at  a  in  the  image,  will  reach  the  eye  as  a  beam  parallel  to  the 
line  aCy  which  cormects  a  with  the  optical  centre  of  the  eye-piece.  Simi- 
larly with  the  rays  which  meet  at  b.  The  observer,  therefore,  will 
see  the  top  of  the  moon's  disc  in  the  direction  ck,  aud  the  bottom  in 
the  direction  d.  It  will  appear  to  him  inverted^  and  greatly  magni- 
fied ;  its  apparent  diameter,  as  seen  by  the  naked  eye  and  measured 
by  the  angle  aob  (or  its  equal  bipa^) ,  having  been  increased  to  acb. 
Since  both  these  angles  are  subtended  by  the  same  line  a&,  and  are 
9maU  (the  figure,  of  course,  is  much  out  of  proportion) ,  they  must 
be  inversely  proportional  to  the  distance  ob  and  cb ;  i.e.,  boa :  bca  = 
cbiob;  or,  putting  this  into  words :  The  ratio  between  the  natural 
apparent  diameter  of  the  object,  and  its  diameter  as  seen  through  the 
telescope,  is  equal  to  the  ratio  between  the  focal  lengths  of  the  eye- 
leiis  and  object-glass.     This   ratio   is   called   the  magnifying  power 

of  the   telescope,   and   is   therefore   given   by   the  simple   formula 

F 

Jf  =  — ,  where  F  is  the  focal  length  of  the  object-glass  and  /  that  of 

eye-piece,^  while  3f  is  the  magnifying  power. 

If,  for  example,  the  object-glass  have  a  focal  length  of  thirty  feet, 
and  the  eye-piece  of  one  inch,  the  magnifying  power  will  be  360 ;  the 
power  may  be  changed  at  pleasure  by  substituting  different  eye- 
pieces, of  which  every  large  telescope  has  an  extensive  stock. 

38.  Brightness  of  Image.  —  Since  all  the  rays  from  a  star  which 
fall  upon  the  large  object-glass  are  transmitted  to  the  observer's  eye 
(neglecting  the  losses  by  absorption  and  reflection),  he  obviously  re- 


*  A  magnifying  power  of  1  is  no  magnifying  power  at  all.  Object  and  image 
lubtend  equal  angles.  A  magnifying  power  denoted  by  a  fraction,  say  J,  would 
be  a  minifying  power,  making  the  object  look  smaller,  as  wlien  we  look  at  an  ob- 
ject through  the  wrong  end  of  a  spy-glass. 
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ceives  a  quantity  of  light  much  greater  than  he  would  naturally  get : 
as  many  times  greater  as  the  area  of  the  object-lens  is  greater  than 
that  of  the  pupil  of  the  eye.  If  we  estimate  this  latter  as  having  a 
diameter  of  one-fifth  of  an  inch,  then  a  1-inch  telescope  would  in- 
crease the  light  twenty-five  times,  a  10-inch  instrument  2500  times, 
and  the  great  Lick  telescope,  of  thirty-six  inches*  aperture,  32,400 
times,  the  amount  being  proportional  to  the  square  of  the  diameter 
of  the  lens. 

It  must  not  be  supposed,  however,  that  the  apparent  brightness  of 
an  object  like  the  moon,  or  a  planet  which  shows  a  disc,  is  increased 
in  any  such  ratio,  since  the  eye-piece  spreads  out  the  light  to  cover  a 
vastly  more  extensive  angular  area,  according  to  its  magnifying 
power;  in  fact,  it  can  be  shown  that  no  optical  arrangement  can 
show  an  extended  surface  brighter  than  it  appears  to  the  naked 
eye.  But  the  total  quantity  of  light  utilized  is  greatly  increased 
by  the  telescope,  and  in  consequence,  multitudes  of  stars,  far  too 
faint  to  be  visible  to  the  unassisted  eye,  are  revealed.  As  has  been 
intimated  before  also,  the  brighter  stars  are  easily  seen  by  day  with  the 
telescope. 

39.  Difltinctness  of  Image.  —  This  depends  upon  the  exactness 
with  which  the  lens  gathers  to  a  siugle  point  in  the  focal  image  all 
the  rays  which  emanate  from  the  corresponding  point  in  the  object. 
A  single  lens,  with  spherical  surfaces,  cannot  do  this  very  perfectly, 
the  *' aberrations  "  being  of  two  kinds,  the  spherical  aberration  and 
the  chromatic.  The  former  could  be  corrected,  if  it  were  worth  while, 
by  slightly  modifying  the  form  of  the  lens-surfaces ;  but  the  latter, 
which  is  far  more  troublesome,  cannot  be  cured  in  any  such  way. 
The  violet  rays  are  more  refrangible  than  the  red,  and  come  to  a 
focus  nearer  the  lens ;  so  that  the  image  of  a  star  formed  by  such 
a  lens  can  never  be  a  luminous  point,  but  is  a  round  patch  of  light 
of  different  color  at  centre  and  edge. 

40.  Long  Telescopes By   making  the  diameter  of  thS  lens  very 

small  as  compared  with  its  focal  length,  the  aberration  becomes  less  con- 
spicuous ;  and  refractors  were  used,  about  1660  having  a  length  of  more  than 
100  feet  and  a  diameter  of  five  or  six  inches.  The  object-glass  was  mounted 
at  the  top  of  a  high  pole  and  the  eye-piece  was  on  a  separate  stand  l>el()w. 
With  such  an  "aerial  telescope,"  of  six  inches  aperture  and  120  feet  focus, 
Huyghens  discovered  the  rings  of  Saturn.  His  object-glass  still  exists,  and 
is  preserved  in  the  collection  of  the  Royal  Society  in  London. 
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41.  The  Achromatic  Telescope.  —  The  chromatic  aberration  of  a 
lens,  as  has  been  said,  cannot  be  cured  by  any  modification  of  the  lens 
itself ;  but  it  was  discovered  in  England  about  1 760  that  it  can  be 
nearly  corrected  by  making  the  object-glass  of  tivo  (or  more)  lenses, 
of  different  kinds  of  glass ,  one  of  the  lenses  being  convex  and  the 
other  concave.  The  convex  lens  is  usually  made  of  crown  glass,  the 
concave  of  Jlint  glass.  At  the  same  time,  by  properly  choosing  the 
carves,  the  sphe)Hcal  aberration  can  also  be  destroyed,  so  that  such  a 
compound  object-glass  comes  reasonably  near  to  fulfilling  the  con- 
dition, that  it  should  gather  to  a  mathematical  point  in  the  image  all 
the  rays  that  reach  the  object-glass  from  a  single  point  in  the  object. 

These  object-glasses  admit  of  a  considerable  variety  of  forms.  Formerly 
they  were  generally  made,  as  in  Fig.  9,  No.  3,  having  the  two  lenses  close 
together,  and  the  adjacent  surfaces  of  the  same,  or  nearly  the  same,  curva- 
ture, lu  small  object-glasses  the  lenses  are  often  cemented  together  with 
Canada  balsam  or  some  other  transparent  medium.  At  present  some  of  the 
best  makers  separate  the  two  lenses  by  a  considerable  distance,  so  as  to 
admit  a  free  circulation  of  air  between  them ;  in  the  Pulkowa  and  Prince- 
ton object-glasses,  constructed  by 
Clark,  the  lenses  are  seven  inches 
apart,  and  in  the  Lick  telescope  six 
and  a  half  inches;  as  in  No.  1.    In 
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Fio.  9.  —  Different  Forms  of  the  AcbromaUe 
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which  has  some  advantages,  but  is 
difficult  of  construction,  the  curves 
are  very  deep,  and  both  the  lenses  are  of  watch-glass  form  —  concave  on  one 
side  and  convex  on  the  other.  In  all  these  forms  the  crown  glass  is  outside ; 
Steinheil,  Hastings,  and  others  have  constructed  lenses  with  the  jiint-glass 
lens  outside.  Object-glasses  are  sometimes  made  with  three  lenses  instead 
of  two;  a  slightly  better  correction  of  aberrations  can  be  obtained  in  this 
way,  but  the  gain  is  too  small  to  pay  for  the  extra  expense  and  loss  of  light. 

42.  Secondary  Spectrum.  —  It  is  not,  however,  possible  with  the 
kinds  of  glass  at  present  available  to  secure  a  perfect  correction  of  the 
color.  Our  best  achromatic  lenses  bring  the  yellowish  green  rays  to 
a  focus  nearer  the  lens  than  thcv  do  the  red  and  violet.  In  conse- 
quence,  the  image  of  a  bright  star  is  surrounded  by  a  purple  halo, 
which  is  not  very  noticeable  in  a  good  telescope  of  small  size,  but 
is  very  conspicuous  and  troublesome  in  a  large  instrument. 

This  imperfection  of  achromatism  makes  it  unsatisfactory  to  use  an  ordi- 
nary lens  (visually  corrected)  for  astronomical  photogmpliy.  To  fit  it  to 
make  good  photographs,  it  must  either  be  specially  corrected  for  the  rays 
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that  are  most  effective  in  photography,  the  blue  and  violet  (in  which  case  it 
will  be  almost  worthless  visually),  or  else  a  subsidiary  lens,  known  as  a  <^  pho- 
tographic corrector,"  may  be  provided,  which  can  be  put  on  in  front  of  the 
object-glass  when  needed.  A  new  fonn  of  object-glass,  devised  independ- 
ently by  Pickering  in  this  country  and  Grubb  in  Ireland,  avoids  the  necessity 
of  a  third  lens  by  making  the  crown-glass  lens  of  such  a  form  that  when 
put  close  to  the  flint  lens,  with  the  flatter  side  out,  it  makes  a  perfect  object- 
glass  for  visual  purposes ;  but  by  simply  reversing  the  crown  lens,  with  the 
more  convex  side  outward,  and  separating  the  lenses  an  inch  or  two,  it  be- 
comes a  photographic  object-glass.  A  13-inch  object-glass  of  this  construc- 
tion at  Cambridge  performs  admirably. 

Much  is  hoped  from  the  new  kind  of  glass  now  being  made  at  Jena.  In 
combination  with  crown  glass  it  produces  lenses  almost  free  from  chromatic 
aberration,  and  if  it  can  be  produced  in  homogeneous  pieces  of  sufficient 
size,  it  will  revolutionize  the  art  of  telescope  making. 

43.  Diffraction  and  Spurions  Disc.  — Even  if  a  lens  were  perfect 
as  regards  the  correction  of  aberrations,  the  "wave"  nature  of  light 
prevents-  the  image  of  a  luminous  point  from  being  also  a  point ;  the 
image  must  necessarily  consist  of  a  central  disc,,  brightest  in  the  cen- 
tre and  fading  to  darkness  at  the  edge,  and  this  is  surrounded  by  a 
series  of  bright  rings,  of  which,  however,  only  the  smallest  one  is 
generally  easily  seen.  The  size  of  this  disc-and-ring  system  can  be 
calculated  from  the  known  wave-lengths  of  light  and  the  dimensions 
of  the  lens,  and  the  results  agree  very  precisely  with  observation. 
The  diameter  of  the  "  spurious  disc"  vanes  inversely  with  the  aper- 
ture of  the  telescope.  According  to  Dawes,  it  is  about  4". 5  for  a 
1-inch  telescope ;  and  consequently  1"  for  a  4^-inch  instrument,  0".5 
for  a  9-inch,  and  so  on. 

This  circumstance  has  much  to  do  with  the  superiority  of  large  instru- 
ments in  showing  minute  details.  No  increase  of  magnifying  power  on  a 
small  telescope  can  exhibit  things  as  sharply  as  the  same  power  on  the  larger 
one ;  provided,  of  course,  that  the  larger  object-glass  is  equally  perfect  in 
workmanship,  and  the  air  in  good  optical  condition. 

If  the  telescope  is  a  good  one,  and  if  the  air  is  perfectly  steady,  —  which 
unfortunately  is  seldom  the  case,  —  the  apparent  disc  of  a  star  should  be 
perfectly  round  and  well  defined,  without  wings  or  tails  of  any  kind,  having 
around  it  from  one  to  three  bright  rings,  separated  by  distances  somewhat 
greater  than  the  diameter  of  the  disc.  If,  however,  the  magnifying  power 
is  more  than  about  50  to  the  inch  of  aperture,  the  edge  of  the  disc  will  begin 
to  appear  hazy.  There  is  seldom  any  advantage  in  the  use  of  a  magnifying 
power  exceeding  75  to  the  inch,  and  for  most  purposes  powers  ranging  from 
20  to  40  to  the  inch  are  most  satisfactory. 
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44.  Eye-Pieces.  —  For  many  purposes,  as  for  instance  the  examina- 
tion of  close  double  stars,  there  is  no  better  eye-piece  than  the  simple 
convex  lens ;  but  it  performs  well  only  when  the  object  is  exactly  in 
the  centre  of  the  field.  Usually  it  is  best  to  employ  for  the  eye-piece 
a  combination  of  two  or  more  lenses  which  will  give  a  more  exten- 
sive field  of  view. 

Eye-pieces  belong  to  two  classes,  the  positive  and  the  negative.  The 
former,  which  are  much  more  generally  useful,  act  as  simple  magnify- 
ing-glasses,  and  can  be  used  as  hand  magnifiers  if  desired.  The  focal 
image  formed  by  the  object-glass  lies  outside  of  the  eye-piece. 

In  the  negative  eye-pieces,  on  the  other  hand,  the  rays  from  the 
object-glass  are  intercepted  before  they  come  to  the  focus,  and  the 
image  is  formed  between  the  lenses  of  the  eye-piece.  Such  an  eye- 
piece cannot  be  used  as  a  hand  magnifier. 
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Fie.  10.  —  Variou*  Forms  of  Telescope  Eye-pieoe. 


45.  The  simplest  and  most  common  forms  of  these  eye-pieces  are  the 
Ramsden  (positive)  and 
Huyghenian  (  negative) . 
Each  is  composed  of  two 
plano-convex  lenses,  but 
the  arrangement  and 
curves  differ,  as  shown 
in  Fig.  10.  The  former 
gives  a  very  flat  field  of 
view,  but  is  not  achro- 
matic ;  the  latter  is  more 
nearly    achromatic,    and 

possibly  defines  a  little  better  just  at  the  centre  of  the  field ;  but  the  fact 
that  it  is  a  negative  eye-piece  greatly  restricts  its  usefulness.  In  the  Rams- 
den eye-piece  the  focal  lengths  of  the  two  component  lenses,  both  of  which 
have  their  flat  sides  out,  are  about  equal  to  each  other,  and  their  dbtance  is 
about  one-third  of  the  sum  of  the  focal  lengths.  In  the  Huyghenian  the 
curved  sides  of  the  lenses  are  both  turned  towards  the  object-glass;  the 
focal  distance  of  the  field  lens  should  be  exactly  three  times  that  of  the  lens 
next  the  eye,  and  the  distance  between  the  lenses  one-half  the  sum  of  the 
focal  lengths.  The  peculiarity  of  the  Steinheil  "  monocentric "  eye-piece 
which  is  a  triple  achromatic  positive  lens,  consisting  of  a  central  convex 
lens  of  crown  glass,  with  a  concave  meniscus  of  flint  glass  cemented  to  each 
side,  is  that  the  curves  are  all  struck  from  the  same  centre^  the  thickness  of  the 
lenses  l)eing  so  computed  as  to  produce  the  needed  corrections.  It  is  free 
from  all  internal  reflections,  which  in  other  eye-pieces  of  ten  produce  "ghosts," 
as  they  are  called. 

-  There  are  numerous  other  forms  of  eye-piece,  each  with  its  own  advan- 
tages and  disadvantages.     The  erecting  eye-piece,  used   in  spy-glasses,  is 
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essentially  a  compound  microscope,  and  gives  erect  vision  by  again  invert- 
ing the  already  inverted  image  formed  by  the  object-glass. 

It  is  obvious  that  in  a  telescope  of  any  size  the  object-glass  is  the  most 
important  and  expensive  part  of  the  instrument.  Its  cost  varies  from  a  few 
hundred  dollars  to  many  thousands,  while  the  eye-pieces  generally  cost  only 
from  f  5  to  ^20  apiece. 

46.  Beticle.  —  When  a  telescope  is  nscd  for  pointing^  as  in  most 
astronomical  instruments,  it  must  be  provided  with  a  reticle  of  some 
sort.  Tliis  is  usually  a  metallic  frame  with  spider  lines  stretched 
across  it,  placed,  not  near  the  object-glass  itself  (as  is  often  sup- 
ix)8ed),  but  at  the  focus  of  the  object-glass,  where  the  image  is 
formed,  as  at  a  &  in  Fig.  H. 

It  is  usually  so  arranged  that  it  can  be  moved  in  or  out  a  little  to  get  it 
exactly  into  the  focal  plane,  and  then,  when  the  eye-piece  (positive)  is  ad- 
justed for  the  observer's  eye  to  give  distinct  vision  of  the  object,  the  "  wires," 
as  they  are  called,  will  also  be  equally  distinct.  As  spider-threads  are  very 
fragile,  and  likely  to  get  broken  or  displaced,  it  is  often  better  to  substitute 
a  thin  plate  of  glass  with  lines  ruled  upon  it  and  blackened.  Of  course, 
provision  must  be  made  for  illuminating  either  the  field  of  view  or  the 
threads  themselves,  in  order  to  make  them  visible  in  darkness. 

47.  The  Reflecting  Telescope.  —  When  the  chromatic  aberration 
of  lenses  came  to  be  understood  through  the  optical  discovery  of 
the  dispersion  of  light  by  Newton,  the  reflecting  telescope  was 
invented,  and  held  its  place  as  the  instrument  for  star-gazing  until 
well  into  the  present  century,  when  large  achromatics  began  to  be 
made.  There  are  several  varieties  of  reflecting  telescope,  all  agree- 
ing in  the  substitution  of  a  large  concave  mirror  in  place  of  the  object- 
glass  of  the  refractor,  but  differing  in  the  way  in  which  they  get  at 
the  image  formed  by  this  mirror  at  its  focus  in  order  to  examine  it 
with  the  eye- piece. 

48.  In  the  Ilerschellian  form,  which  is  the  simplest,  but  only  suited  to 
very  large  instruments,  the  mirror  is  tipped  a  little,  so  as  to  throw  the  image 
to  the  side  of  the  tube,  and  the  observer  stands  with  his  back  to  the  object 
and  looks  down  into  the  tube.  If  the  telescoj^e  is  as  nmch  as  two  or  three 
feet  in  diameter,  his  head  will  not  intercept  enough  light  to  do  much  harm, 
—  not  nearly  so  much  as  would  be  lost  by  the  second  reflection  necessary  in 
the  other  forms  of  the  instrument.  But  the  inclination  of  the  mirror,  and 
the  heat  from  the  obser^'er*s  person,  are  fatal  to  any  very  accurate  definition, 
and  unfit  this  form  of  instrument  for  anything  but  the  observation  of  nebulae 
and  objects  which  mainly  re<[uire  light-gathering  power. 
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In  the  Newtonian  telescope,  a  small  plane  reflector  standing  at  an  angle 
of  45°  is  placed  in  the  centre  of  the  tube,  so  as  to  intercept  the  rays  reflected 
by  the  large  mirror  a  little  before  they  come  to  their  focus,  and  throw  them 
to  the  side  of  the  tube,  where  the  eye-piece  is  placed. 

In  the  Gregorian  form  (which  was  the  first  invented),  the  large  mirror  is 
pierced  through  ite  centre,  and  the  rays  from  it  are  reflected  through  the 
hole  by  a  small  concave  mirror,  placed  a  little  outside  of  the  principal  focus 
at  the  mouth  of  the  tube.  Witli  this  instrument  one  looks  directly  at  the 
stars  as  with  a  refractor,  and  the  image  is  erect. 

The  Cassegrainian  form  is  very  similar,  except  that  the  small  concave 
mirror  of  the  Gregorian  is  replaced  by  a  convex  mirror,  placed  a  little  inside 
the  focus  of  the  large  mirror,  which  makes  the  instrument  a  little  shorter, 
and  gives  a  flatter  fleld 
of  view. 

Formerly  the  great 
mirror  was  always  made 
of  a  composition  of  cop- 
per and  tin  (two  parts 
of  copper  to  one  of  tin) 
known  as  "  speculum 
metal."  At  present  it  is 
usually  made  of  glass 
silvered  on  the  front  sur- 
face, by  a  chemical  pro- 
cess which  deposits  the 
metal  in  a  thin,  brilliant 
film.  These  silver-on- 
glass  refiectors,  when  new, 
reflect  much  more  light 
than  the  old  specula,  but 

the  film  does  not  retain  its  polish  so  long.     It  is,  however,  a  comparatively 
simple  matter  to  renew  the  film  when  necessary . 

The  largest  telescopes  ever  made  have  been  reflectors.  At  the  head  of  the 
list  stands  the  enormous  instrument  of  Lord  Rosse,  constructed  in  1842,  with 
a  mirror  six  feet  in  diameter  and  sixty  feet  focal  length.  Next  in  order  are 
a  number  of  instruments  of  four  feet  aperture,  first  among  which  is  the  great 
telescope  of  the  elder  Herschel,  built  in  1789,  followed  by  the  telescope 
erected  by  Lassell  at  Malta  in  1860,  the  Melbourne  reflector  by  Grubb  in  1870, 
and  the  still  more  recent  silver-on-gl«iss  reflector  of  the  Paris  observatory, 
which,  however,  has  proved  a  failure,  owing  to  defective  support  of  the  mirror. 

48.    Belative  Advantages  of  Eefracton  and  Beflectors.  — There  has 

been  a  good  deal  of  discussion  on  this  iK)int,  aud-  each  construction  has  its 
partisans. 

In  favor  of  the  reflectors  we  mav  mention,  — 

First.     Ease  of  conMruction  and  consequent  cheiijmess.     The  concave  mirror 


%\ 


Flo.  11.  —  Different  Forms  of  Reflecting  Telescope. 
1.  The  Ilertchellian;  2.  The  Newtonian;  3.  The  Gregorian. 
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has  but  one  surface  to  figure  and  polish,  while  an  object-glass  has  four. 
Moreover,  as  the  light  goes  through  an  object-glass,  it  is  evident  that  the 
glass  employed  must  be  perfectly  clear  and  of  uniform  density  through  and 
through ;  while  in  the  case  of  the  mirror,  the  light  does  not  penetrate  the 
material  at  all.  This  makes  it  vastly  easier  to  get  the  material  for  a  large 
mirror  than  for  a  large  lens. 

Second  (and  immediately  connected  with  the  preceding).  The  possibility 
of  making  rejlectors  much  larger  than  refractors.  Lord  Rosse's  great  reflector 
is  six  feet  in  diameter,  while  the  Lick  telescope,  the  largest  of  all  refractors, 
is  only  three. 

Third.  Perfect  achromatism.  This  is  unquestionably  a  very  great  advan- 
tage, especially  in  photographic  and  spectroscopic  work. 

But,  on  the  whole,  the  advantages  are  generally  considered  to  lie  with  the 
refractors. 

In  their  favor  we  mention  :  — 

First.     Great  superiority  in  light.     No  mirror  (unless,  perhaps,  a  freshly 

polished  silver-on-glass  film)  reflects  much 
more  than  three-quarters  of  the  incident 
light ;  while  a  good  (single)  lens  trans- 
mits over  95  per  cent  In  a  good  re- 
fractor about  82  per  cent  of  the  light 
reaches  the  eye,  after  passing  through 
the  four  lenses  of  the  object-glass  and 
eye-piece.  In  a  Newtonian  reflector,  in 
average  condition,  the  percentage  sel- 
dom exceeds  50  per  cent,  and  more 
frequently  is  lower  than  higher. 

Second .    Better  definition.  —  Any  slight 
error  at  a  point  in  the  surface  of  a  glass 
lens,  whether  caused  by  faulty  workman- 
ship or  by  distortion,  affects  the  direc- 
tion of  the  ray  passing  through  it  only  one-third  as  much  as  the  same  error 
on  the  surface  of  a  mirror  would  do. 

If,  for  instance,  in  Fig.  12,  an  element  of  the  surface  at  P  is  turned  out 
of  its  proper  direction,  aa',  by  a  small  angle,  so  as  to  take  the  direction  bb\ 
then  the  reflected  ray  will  be  sent  to/,  and  its  deviation  will  be  twice  the 
angle  aPb,  But  since  the  index  of  refraction  of  glass  is  about  1.5  the 
change  in  the  direction  of  the  refracted  ray  from  R  to  r  will  only  be  about 
two^hirds  of  a  Ph. 

Moreover,  so  far  as  distortions  are  concerned,  when  a  lens  bends  a  little 
by  its  own  weight,  both  sides  are  affected  in  a  nearly  compensatory  manner, 
while  in  a  mirror  there  is  no  such  compensation.  As  a  consequence,  mirrors 
very  seldom  indeed  give  any  such  definition  as  lenses  do.  The  least  fault 
of  workmanship,  the  least  distortion  by  their  own  weight,  the  slightest 
difference  of  temperature,  between  front  and  back,  will  absolutely  ruin  the 
image,  while  a  lens  would  be  but  slightly  affected  in  its  jwrformance  by 
the  same  circumstances. 


Via.  12.  —  Effect  of  Surface  Errors  In  a 
Mirror  and  in  a  Lena. 
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Third.  Permanence.  The  lens,  once  made,  and  fairly  taken  care  of, 
suffers  no  deterioration  from  age ;  but  the  metallic  speculum  or  the  silver 
film  soon  tarnishes,  and  must  be  repolished  every  few  years.  This  alone 
is  decisive  in  most  cases,  and  relegates  the  i*eflector  mainly  to  the  use  of 
those  who  are  themselves  able  to  construct  their  own  instruments. 

To  these  considerations  we  may  add  that  a  refractor,  though  more  expen- 
sive than  a  reflector  of  similar  power,  is  not  only  more  pennanent,  and  less 
likely  to  have  its  performance  affected  by  accidental  circumstances,  but  is 
lighter  and  more  convenient  to  use. 

60.  Time-Keepen  and  Time-Becorden.  —  The  Clocks  Chronometer, 
and  Chronograph,  —  Modern  practical  astronomy  owes  its  develop- 
ment as  much  to  the  clock  and  chronometer  as  to  the  telescope.  The 
ancients  possessed  no  accurate  instruments  for  the  measurement  of 
time,  and  until  within  200  years,  the  only  reasonably  precise  method 
of  fixing  the  time  of  an  important  observation,  as,  for  instance,  of 
an  eclipse,  was  by  noting  the  altitude  of  the  sun,  or  of  some  known 
star  at  or  very  near  the  moment. 

It  is  true  that  the  Arabian  astronomer  Ibn  Jounis  bad  made  some 
use  of  the  pendulum  about  the  year  1000  a.d.,  more  than  500  years 
before  Galileo  introduced  it  to  Europeans.  But  it  was  not  until 
nearly  a  century  after  Galileo's  discovery  that  Huyghens  applied  it 
to  the  construction  of  clocks  (in  1 657) . 

So  far  as  the  principles  of  construction  are  concerned,  there  is  no 
difference  between  an  astronomical  clock  and  any  other.  As  a  matter 
of  convenience,  however,  the  astronomical  clock  is  almost  invariably 
made  to  beat  seconds  (rarely  half-seconds),  and  has  a  conspicuous 
second-hand,  while  the  hour-hand  makes  but  one  revolution  a  day, 
instead  of  two,  as  usual,  and  the  face  is  marked  for  twenty-four  hours 
instead  of  twelve.  Of  course  it  is  constructed  with  extreme  care  in 
all  respects. 

The  Escapement^  or  *^Scapement,"  is  often  of  the  form  known  as  the  "  Graham 
Dead-beat ";  but  it  is  also  frequently  one  of  the  numerous  "  gravity  "  escape- 
ments which  have  been  invented  by  ingenious  mechanicians.  The  office  of 
the  escapemient  is  to  be  "  unlocked  "  by  the  pendulum  at  each  vibration,  so 
as  to  permit  the  wheel-work  to  advance  one  step,  marking  a  second  (or  some- 
times two  seconds),  upon  the  clock-face ;  whDe,  at  the  same  time,  the  escape- 
ment gives  the  pendulum  a  slight  impulse,  just  equal  to  the  resistance  it  has 
suffered  in  i)erforming  the  unlocking.  The  work  done  by  the  pendulum  in 
"unlocking"  the  train,  and  the  corresponding  impuUe,  ought  to  be  perfectly 
constant,  in  spite  of  all  changes  in  the  condition  of  the  train  of  wheels ;  and 
it  is  desirable,  though  not  essential,  that  this  work  should  be  as  snuMll  as 
possible. 
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51.  The  pendulum  itself  is  usually  suspended  by  a  flat  spring,  and 
great  pains  should  be  taken  to  have  the  support  extremely  firm :  this 
is  often  n^leeted,  and  the  clock  then  cannot  perform  well. 

Compensation  for  Temperature.  —  In  order  to  keep  perfect  time, 
the  pendulum  must  be  a  '^  compensation  pendulum"  ;  i.e.,  constructed 

in  such  a  way  that  changes  of  temperature  will 
not  change  its  length. 

An  uncompensated  pendulum,  with  steel  rod, 
changes  its  daily  rate  about  one-third  of  a  second 
for  each  degree  of  temperature  (centigrade). 
A  wooden  pendulum  rod  is  much  less  affected 
by  temperature,  but  is  very  apt  to  be  disturbed 
by  changes  of  moisture. 

Graham's  mercurial  pendulum  (Fig.  13)  is  the 

one  most  coiumonly  used.     It  consists  simply  of  a 

jar  (usually  steel),  three  or  four  inches  in  diameter, 

and  about  eight  inches  high,  containing  forty  or  fifty 

pounds  of  mercury,  and  suspended  at  the  end  of  a 

steel  rod.      When  the  temperature  rises,  the  rod 

lengthens  (which  would  make  the  clock  go  slower)  ; 

but,  at  the  same  time,  the  mercury  expands,  from 

<^  [|T|     the  bottom  upwards,  just  enough  to  compensate. 

JL     This  penduUim   will  perform  well  only  when   not 

H  ^1    exposed  to  rapid  changes  of  temperature.     Under 

I  H    rapid  changes  the  compensation  lags.    If,  for  iii- 

I  H    stance,  it  grows  warm  quickly,  the  rod  will  expand 

^f        l)efore  the  mercury  does ;  so  that,  while  the  mercury  is 

growing  warmer,  the  clock  will  run  slow,  though  after 

it  has  become  warm  the  rate  may  be  all  right. 

A  compensation  pendulum,  constructed  on  the 
])rinciple  of  the  old  gridiron  i)endulum  of  Harrison, 
but  of  zinc  and  steel  instead  of  brass  and  steel,  is 
now  much  used.  The  compensation  is  not  so  easily 
adjusted  as  in  the  mercurial  pendulum,  but  when  properly  made  the  mechan- 
ism acts  well,  and  bears  rapid  alterations  of  temperature  nmch  better  than 
the  mercurial  pendulum.  The  heavy  jienduluin-bob,  a  lead  cylinder,  is  hmig 
at  tlie  end  of  a  steel  rod,  which  is  suspended  from  the  top  of  a  zinc  tube, 
and  hangs  through  the  centre  of  it.  This  tube  is  itself  supjwrted  at  the  bottom 
by  three  or  four  steel  rods  which  hang  from  a  piece  attached  to  the  pendu- 
lum spring.     The  standard  clock  at  Greenwich  has  a  pendulum  of  this  kind. 


Fig.  13. 
CompensatioD    rendalums. 

1.  Graham's  Pendulum. 

2.  Zioc-Btecl  Pendulum. 


62.    Effect  of  Atmospheric  Pressure.  —  In  consequence  of    the 
buoyancy  of  the  air,  and  its  resistance  to  motion,  a  pendulum  swings 
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a  little  more  slowly  than  it  would  in  vacuo^  and  every  change  in  the 
density  of  the  air  afifects  its  rate  more  or  less.  With  mercurial 
pendulums,  of  oixiinary  construction,  the  "  baromehic  coefficient^** 
as  it  is  called,  is  about  one-third  of  a  second  for  an  inch  of  the 
barometer;  i.e.,  an  increase  of  atmospheric  density  which  would 
raise  the  barometer  one  inch  would  make  the  clock  lose  about  one- 
third  of  a  second  daily.  It  varies  considerably,  however,  with  differ- 
ent  pendulums. 

It  is  not  ver}'  usual  to  take  any  notice  of  this  slight  disturbance ;  but 
when  the  extremest  accuracy  of  time-keepuig  is  auned  at,  the  clock  is  either 
sealed  in  an  air-tight  case  from  which  the  air  is  partially  exhausted  (as  at 
Berlin),  or  else  some  special  mechanism,  controlled  by  a  barometer,  is  de- 
vised to  compensate  for  the  barometric  changes,  as  at  Greenwich.  In  the 
Greenwich  clock  a  magnet  is  raised  or  lowered  by  the  rise  or  fall  of  the 
mercury  in  a  barometer  attached  to  the  clock-case.  When  the  magnet  rises, 
it  approaches  a  bit  of  iron  two  or  three  inches  above  it,  fixed  to  the  bottom 
of  the  pendulum,  and  the  increase  of  attraction  accelerates  the  rate  just 
enough  to  balance  the  retardation  due  to  the  air's  increased  density  and 
viscosity.    There  are  several  other  contrivances  for  the  same  purpose. 

53.  Error  and  Bate.  — The  "  error"  or  *'  correction  "  of  a  clock 
is  the  amount  that  must  be  added  to  the  indication  of  the  clock-face 
at  any  moment  in  order  to  give  the  true  time;  it  is,  therefore,  plus 
(-I-)  when  the  clock  is  sloio^  and  minus  (  — )  when  it  is  fast.  The 
rate  of  a  clock  is  the  amount  of  its  daily  gain  or  loss;  j>/ms  (4-)  when 
the  clock  is  losing.  Sometimes  the  hourly  rate  is  used,  but  "  hourly  " 
is  then  always  specified. 

A  perfect  clock  is  one  that  has  a  constant  rate^  whether  that  rate 
be  large  or  small.  It  is  desirable,  for  convenience*  sake,  that  both 
error  and  rate  should  be  small ;  but  this  is  a  mere  matter  of  adjust- 
ment by  the  user  of  the  clock,  who  adjusts  the  error  by  setting  the 
hands,  and  the  rate  by  raising  or  lowering  the  pendulum-bob. 

The  final  adjustment  of  rate  is  often  obtained  by  first  setting  the  pendu- 
lum-bob so  that  the  clock  will  run  slow  a  second  or  two  dailv,  and  then 
putting  on  the  top  of  the  bob  little  weights  of  a  gramme  or  two,  which  will 
accelerate  the  motion.  They  can  Ihj  dropi)ed  into  place  or  knocked  off  with- 
out stopping  the  clock  or  perceptibly  disturbing:  it. 

The  very  best  clocks  will  run  three  or  four  years  without  l)eing  stop{>ed 
for  cleaning,  aud  will  retain  their  rate  without  a  change  of  more  than  one- 
fifth  of  a  second,  one  way  or  the  other,  during  the  whole  time.     But  this  is 
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exceptional  performance.  In  a  run  as  long  as  that,  most  clocks  would 
be  liable  to  change  their  rate  as  much  as  half  a  second  or  more,  and  to  do 
it  somewhat  irregularly. 

fi4.  The  Chronometer. — The  pendulum-clock  not  being  portable, 
it  is  necessary  to  provide  time-keepers  that  are.  The  chronometer  is 
merely  a  carefully  made  watch,  with  a  balance  wheel  compensated 
to  run,  aa  nearly  as  jxissible,  at  the  same  rate  in  different  tempera- 
tures, and  with  a  peculiar  escapement,  which,  though  lusaited  to 
watches  exposed  to  ordinary  rough  usage,  gives  better  resiilta  than 
any  other  when  treated  carefully. 


Fis.  It.  —A  Chnmogrmpb  by  Wanicr  u>d  Swusf . 

The  box-chronnmi'/cr  used  on  shiii-linard  is  lutually  about  twice  the  diameter 
of  a  coiunion  pocket  watch,  and  is  mounted  on  gimbaln,  ;«>  as  to  keep  hori- 
zontal at  all  tiuie.t,  notwithstanding  the  motion  of  the  vessel.  It  usually 
beats  half-seconds.  It  is  not  possible  to  secure  in  the  chronometer-balance 
as  jierfcct  a  temperature  correction  as  iu  llie  p-ndulnm.    For  this  and  other 
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reasons  the  best  chronometers  cannot  quite  compete  with  the  best  clocks  in 
precision  of  time-keeping ;  but  they  are  sufficiently -accurate  for  most  pur- 
poses, and  of  course  are  vastly  more  convenient  for  field  operations.  They 
are  simply  indispensable  at  sea.  Never  turn  the  hands  of  a  chronometer 
backward. 

66.  Before  the  invention  of  the  telegraph  it  was  customary  to  note 
time  merely  "by  eye  and  ear."  The  observer,  keeping  his  time- 
piece near  him,  listened  to  the  clock-beats,  and  estimated  as  closely 
as  he  could,  in  seconds  and  tenths  of  seconds,  the  moment  when  the 
phenomenon  he  was  watching  occurred  —  the  moment,  for  instance, 
when  a  star  passed  across  a  wire  in  the  reticle  of  his  telescope. 
At  present  the  record  is  usually  made  by  simply  pressing  a  "key" 
in  the  hand  of  the  observer,  and  this,  by  a  telegraphic  connection, 
makes  a  mark  upon  a  strip  or  sheet  of  paper,  which  is  moved  at  a 
uniform  rate  by  clock-work,  and  graduated  by  seconds-signals  from 
the  clock  or  chronometer. 

66.  The  Chronograph. — This  is  the  instrument  which  carries  the 
marking-pen  and  moves  the  paper  on  which  the  time-record  is  made. 
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Fio.  15.  — Part  of  a  Chronograph  liecord. 

The  paper  Is  wrapped  upon  a  cylinder,  six  or  seven  inches  in  diameter, 
and  fifteen  or  sixteen  inches  long.  This  cylinder  is  made  to  revolve 
once  a  minute,  by  clock-work,  while  the  pen  rests  lightly  upon 
the  paper  and  is  slowly  drawn  along  by  a  screw-motion,  so  that  it 
marks  a  continuous  spiral.  The  pen  is  carried  on  the  armature  of 
an  electix)-magnet,  which  every  other  second  (or  sometimes  every 
second)  receives  a  momentary  current  from  the  clock,  causing  it  to 
make  a  mark  like  those  which  break  the  lines  in  the  figure  annexed. 

The  beginning  of  a  new  minute  (the  60th  sec.)  is  indicated  either 
by  a  double  mark  as  shown,  or  bv  the  omission  of  a  mark.  When 
the  observer  touches  his  key  he  also  sends  a  current  through  the 
magnet,  and  thus  inter|>olatcs  a  ni:uk  of  his  own  on  the  record,  as 
at  X  in  the  figure :  the  hefjhuiing  of  the  mark  is  the  instant  noted  — 
in  this  case  54. 9*.  Of  course  the  minutes  when  the  chronograph  was 
started  and  stopped  are  noted  b}*  the  observer  on  the  sheet,  and  so 
enable  him  to  identify  the  minutes  and  seconds  all  through  the  record. 
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Many  European  observatories  use  chronographs  in  which  the  record  is 
made  upon  a  long  fillet  of  paper,  instead  of  a  sheet  on  a  cylinder.  The 
instrument  is  lighter  and  cheaper  than  the  American  form,  but  much  less 
convenient. 

The  regulator  of  the  clock-work  must  be  a  "  continuous  "  regulator,  work- 
ing continuously,  and  not  by  beats  like  a  clock-escapement.  There  are 
various  forms,  most  of  which  are  centrifugal  governors,  acting  either  by 
friction  (like  the  one  in  the  figure)  or  by  the  resistance  of  the  air ;  or  else 
"spring-governors,"  in  which  the  motion  of  a  train,  with  a  pretty  heavy 
fly-wheel,  is  slightly  checked  at  regular  intervals  by  a  pendulum. 

67.  Clock-Breaks.  —  The  arrangements  by  which  the  clock  is  made  to 
send  regular  electric  signals  are  also  various.  One  of  the  earliest  and  simplest 
is  a  fine  platinum  wire  attached  to  the  pendulum,  which  swings  through  a 
drop  of  mercury  at  each  vibration.  All  of  the  arrangements,  however,  in 
which  the  pendulum  itself  has  to  make  the  electric  contact  are  objectionable, 
and  for  clocks  using  the  Graham  dead-l>eat  scapement  no  absolutely  satis- 
factory means  of  giving  the  signals  has  yet  been  devised.  Clocks  with  the 
gravity  escapements  have  a  decided  advantage  in  this  respect.  Their  wheel- 
work  has  no  direct  action  in  driving  the  pendulum,  and  so  may  be  made  to 
do  any  reasonable  amount  of  outside  work  in  the  way  of  "  key-manipula- 
tion "  without  affecting  the  clock-rate  in  the  least.  Usually  a  wheel  on  the 
axis  of  the  scape-wheel  is  made  to  give  the  electric  signals  by  touching  a 
light  spring  with  one  of  its  teeth  every  other  second. 

Chronometers  are  now  also  fitted  up  in  the  same  way,  to  be  used  with  the 
chronograph. 

The  signals  sent  are  sometimes  *•  breaks "  in  a  continuous  current,  and 
sometimes  *'  makes  "  in  an  open  circuit.  Usage  varies  in  this  respect,  and 
each  method  has  its  advantages.  The  break-circuit  system  is  a  little  simpler 
in  its  connections,  and  possibly  the  signals  are  a  little  more  sharp,  but  it 
involves  a  much  greater  consumption  of  battery  material,  as  the  current  is 
always  circulating,  except  during  the  momentary  breaks. 

58.  Meridian  Observatioiis. — A  large  proportion  of  all  astronomi- 
cal observations  are  made  at  the  time  when  the  heavenly  body 
observed  is  crossing  the  meridian,  or  very  near  it.  At  that  moment 
the  effects  of  refraction  and  parallax  (to  be  discussed  hereafter)  are 
a  minimum,  and  as  they  act  only  in  a  vertical  plane,  they  do  not  have 
any  influence  on  the  time  at  which  the  body  crosses  the  meridian. 

59.  The  Transit  Instrument  is  the  instrument  used,  in  connection 
with  a  clock  or  chronometer,  and  often  with  a  chronograph  also,  to 
observe  the  time  of  a  star's  '*  transit"  across  the  meridian. 

If  the  error  of  the  (sidereal)  clock  is  known  at  the  moment,  this 
observation  will  determine  the  right  ascension  of  the  body,  which,  it 
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will  be  remembered,  is  simply  the  sidereal  time  at  which  it  crosses  the 
meridian;  i.e.,  the  number  of  hours,  minutes,  and  seconds  by  which  it 
follows  the  vernal  equinox. 

Vice  versa  J  if  the  right  ascension  is  known,  the  error  or  correction 
of  the  clock  will  be  determined. 

The  instrument  (Fig.  16)  consists  essentially  of  a  telescope  mounted 
upon  a  stiff  axis  perpendicular  to  the  telescope  tube.  This  axis  is 
placed  horizontal,  east  and  west,  and  turns  on  pivots  at  its  extremi- 
ties, in  Y-bearings  upon  the  top  of  two  fixed  piers  or  pillars.     A 


Fiu.  16.  —The  Transit  lustrumcnt  (Schenuiiic). 


small  graduated  circle  is  attached,  to  facilitate  *^  setting  "  the  telescope 
at  any  designated  altitude  or  declination. 

The  telescope  carries  at  the  eye-end,  in  the  focal  plane  of  the 
object-glass,  a  reticle  of  some  odd  number  of  vertical  wires, — five 
or  more,  —  one  of  which  is  always  in  the  centre,  and  the  others 
are  usually  placed  at  equal  distances  on  each  side  of  it.  One  or 
two  wires  also  cross  the  field  liorizontally. 

If  the  pivots  are  true,  and  the  instrument  accurately  adjusted,  it 
is  evident  that  the  central  vertical  wire  will  always  follow  the  meridian 
as  the  instrument  is  turned;  and  the  instant  when  a  star  crosses  this 
wire  will  be  the  true  moment  of  the  star's  meridian  transit.     The 
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object  in  having  a  number  of  wires  is,  of  course,  simply  to  gaia 
accuracy  by  taking  the  mean  of  a  number  of  observations  instead  of 
depending  upon  a  single  one. 

In  order  to  "level"  the  axis  properly,  a  delicate  spirit-level  is  an 
essential  adjunct;  it  is  usual,  also,  (and  important)  to  provide  a  con- 
venient   '^reversing    apparatus,"    by  which   the    instrument  can   be 
turned  half  round,  making  the  eastern  and 
western  pivots  change  places. 

The  instrument  must  be  thoroughly  stiff 
and  rigid,  without  loose  joints  or  shaky 
screws ;  and  the  two  pivots  roust  be  acca- 
rately  round,  precisely  in  line  with  each  other, 
free  from  taper,  and  precisely  of  the  same 
size  ;  nil  of  which  conditions  may  be  summed 
up  by  saying  that  they  mual  be  portions  of 
one  and  the  same  geometrical  cylinder. 

Fro.  IT.  — BMliila  or  Ihi  Tnuull  ^  " 

Thi!  proper  construetion  and  grinding  of 
these  pivota,*  wnicn  are  usually  of  hard  bell  metal  (sometimea  of  steel), 
taies  the  art  of  the  most  skilful  mechanician.  The  level,  also,  is  a  delicate 
instniment,  and  difficult  to  conutruct. 

Provision  is  mad*^,  of  course,  for  illuminating  the  field  of  view  at  night 
so  as  to  make  the  reticle  wirpH  visible.  U.sually  one  (or  both)  of  the  pivots 
is  pierced,  and  a  lamp  throws  light  through  the  opening  upon  a  small  mirror 
in  the  centre  of  the  tube,  which  reflects  it  down  upon  the  reticle. 

The  V's  are  used  instead  of  round  bearings,  in  order  to  prevent  any 
rolling  or  >hate  of  the  pivots  as  the  instrument  turns. 

Fig.  18  shows  a  modem  transit  instrument  (portable)  as  actually  con- 
structed by  Fauth  &  Co. 

Another  form  of  the  instniment  is  much  used,  which  is  ofteD 
designated  as  the  "  Broken  Transit."  A  reflector  in  tlie  central  cube 
throws  the  rays  coming  from  the  object-glass,  out  at  right  angles 
through  one  cud  of  the  axis,  where  the  eye-piece  is  placed ;  so  that 
the  observer  docs  not  have  to  change  his  position  at  sill  for  differ- 
ent stars,  but  simply  looks  straight  forward  horizon  til  ly.  It  is  very 
convenient  and  rapid  in  actual  work,  but  the  observations  require  a 
considerable  correction  for  Jtexure  of  the  axis. 

60.  AJJiulmenli.  —  (1)  Focus  and  vtrlicalityof  wires.  (2)  CoUiniation. 
(.3)  Leiel.     (4)   Azimutli. 

First.  The  firxt  thing  to  do  after  (he  uistruiiient  is  set  on  its  supports  and 
the  axis  roughly  levelled,  is  lo  wljast  the  rettele.     Tlie  eyepiece  is  drawn  out 
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Via.  IS.  — AUDcbTnuull,  cvDalniEtvd  by  Knuih  9i  Cu.  lor  Ibe  PrIooWn  OtMemtorr. 

or  poshed  in  until  the  wires  appear  perfectly  sharp,  and  then  the  instmment 
ia  directed  to  »  star  or  to  aonic  ilUlanI  object  (not  ieiu*  than  a  Diile  anaj), 
and  without  disturbing  the  eye-piece,  the  sliding-tube,  whieh  carries  the 
reticle,  i*  drawn  out  ur  pushed  in  until  the  object  is  abo  distiuct  at  the 
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same  time  with  the  wires.  If  this  adjustment  is  correctly  made,  motion  of 
the  eye  in  front  of  the  eye-piece  will  not  produce  any  apparent  displacement 
of  the  object  in  the  field,  with  reference  to  the  wires.  To  test  the  verticality 
of  the  wires,  the  telescope  is  moved  up  and  down  a  little,  while  looking  at  the 
object ;  if  the  axis  is  level  and  the  wires  vertical,  the  wire  will  not  move  off 
from  the  object  sideways.  There  are  screws  provided  to  turn  the  reticle  a 
little,  so  as  to  effect  this  adjustment. 

When  the  wires  have  been  thus  adjusted  for  focus  and  verticality,  the 
reticle-slide  should  be  tightly  clamped  and  never  disturbed  again.  The  eye- 
piece  can  be  moved  in  and  out  at  pleasure,  to  secure  distinct  vision  for  differ- 
ent eyes,  but  it  is  essential  that  the  distance  between  the  object-glass  and  the 
reticle  remain  constant. 

Second.  Collimation.  The  line  joinmg  the  optical  centre  of  the  object- 
glass  with  the  middle  wire  of  the  reticle  is  called  the  "  line  of  colHmation^** 
and  this  line  must  be  made  exactly  perpendicular  to  the  axis  of  rotation 
by  moving  the  reticle  slightly  to  one  side  or  the  other  by  means  of  the 
adjusting  screws  provided  for  the  purjx)se.  The  simplest  way  of  effect- 
ing the  adjustment  is  to  point  the  mstrument  on  some  well-defined  dis- 
tant object,  like  a  nail-head  or  a  joint  in  brickwork,  and  then  carefully 
to  "  reverse  "  the  instrument  without  disturbing  the  stand.  If  the  middle 
wire,  after  reversal,  jwints  just  as  it  did  before,  the  "  collimation  "  is  correct ; 
if  not,  the  middle  wire  must  be  moved  half  way  towards  the  object  by  the 
screws. 

Collimator.  —  It  is  not  always  easy  to  find  a  distant  object  on  which  to 
make  this  adjustment,  and  a  '^ collimator"  may  be  substituted  with  advantage. 
This  is  simply  a  telescope  mounted  horizontally  on  a  pier  in  front  of  the 
transit  instrument,  so  that  when  the  transit  telescope  is  horizontal,  it  can 
look  straight  into  the  collimator,  which  ought  to  be  of  about  the  same  size 
as  the  transit  itself. 

In  the  focus  of  the  collimator  object-glass  are  placed  two  wires  forming 
an  X,  and  thus  placed  they  can  be  seen  by  a  telescope  looking  into  the  colli- 
mator just  as  distinctly  as  if  they  were  at  an  infinite  distance  and  really  celes- 
tial objects.  The  instrument  furnishes  us  a  mark  optically  celestial,  but 
mechanically  within  reach  of  our  finger-ends  for  illumination,  adjustment, 
etc.  If  the  pier  on  which  it  is  mounted  is  firm,  the  collimator  cross  is  in  all 
respects  as  good  as  a  star,  and  much  more  convenient. 

Third.  Level.  The  adjustment  for  level  is  made  by  setting  a  striding 
level  on  the  pivots  of  the  axis,  reading  the  level,  then  reversing  the  level 
(not  the  transit)  and  reading  it  again.  If  the  pivots  are  round  and  of  the 
same  size,  the  difference  between  the  level-readings  direct  and  reversed  will 
indicate  the  amount  by  which  one  pivot  is  higher  than  the  other.  One  of 
the  Y's  is  made  so  that  it  can  be  raised  and  lowered  slightly  by  means  of  a 
screw,  and  this  gives  the  means  of  making  the  axis  horizontal.  If  the 
pivots  are  not  of  the  same  size  (and  they  never  are  absolutely)^  the  astronomer 
must  determine  and  allow  for  the  difference. 
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Fourth.  Azimuth.  In  order  that  the  instrument  inay  indicate  the  meridian 
truly,  its  axis  must  lie  exactly  east  and  west ;  i.e.,  its  azimuth  must  be  90^. 
This  adjustment  must  be  made  by  means  of  observations  upon  the  stars,  and 
is  an  excellent  example  of  the  method  of  successive  approximations,  which 
is  so  characteristic  of  astronomical  investigation,  (a)  After  adjusting  care- 
fully the  focus  and  collimation  of  the  instrument,  we  set  it  north  and  south 
by  guess,  and  level  it  as  precisely  as  possible.  By  looking  at  the  pole  star, 
and  remembering  how  the  pole  itself  lies  with  reference  to  it,  one  can  easily 
set  the  instrument />re//^  nearly;  i.e.,  within  half  a  degree  or  so.  The  middle 
wire  will  now  describe  in  the  sky  a  vertical  circle,  which  crosses  the  meridian 
at  the  zenith,  and  lies  very  near  the  meridian  for  a  considerable  distance 
each  side  of  the  zenith. 

(6)  We  must  next  get  an  "  approximate  '*  time ;  i.e.,  set  our  clock  or 
chronometer  nearly  right.  To  do  this,  we  select  from  the  list  of  several 
hundred  stars  in  the  Nautical  Almanac  (which  is  to  be  regarded  in  about 
tlie  same  light  with  the  clock  and  the  spirit  level,  as  an  indispensable  accessory 
to  the  transit)  a  star  which  is  al>out  to  cross  the  meridian  near  the  zenith. 
The  difference  between  the  right  ascension  of  the  star  as  given  in  the 
Almanac,  and  the  time  shown  by  tlie  clock-face,  will  be  very  nearly  the 
error  of  the  clock  at  the  time  of  the  obser\'ation  :  not  exactly,  unless  the  dec- 
lination of  the  star  is  such  that  it  passes  exactly  through  the  zenith,  but 
very  nearly,  since  the  star  crosses  the  meridian  near  the  zenith.  We  now 
have  the  time  within  a  second  or  two. 

(c)  Next  turn  down  the  teleHCoj^e  uihiu  some  Almanac  star,  which  is 
soon  to  cross  the  meridian  within  UF  of  the  i>ole.  It  vnll  appear  to  move 
very  slowly.  A  little  l>efore  the  time  it  should  reach  the  meridian,  move  the 
whole  frame  of  the  instrument  until  the  mid<lle  wire  points  upon  it,  and 
then,  by  means  of  th«'  *'  Azimuth  Screw,"  which  gives  a  slight  horizontal 
motion  to  one  of  the  Y'a^/oUoic  the  star  until  the  indicated  moment  of  its  tran- 
sit; t.«.,  until  the  clock  (corrected  for  clock  error)  shows  on  its  face  the  star's 
right  ascension.  If  the  clock  correction  had  l>een  known  with  absolute  exact- 
ness, the  instrument  would  now  Ik*  truly 'in  the  meridian :  as  the  clock  error, 
however,  is  only  approximate,  the  instrument  will  only  be  approximately  in 
the  meridian;  but  —  and  this  is  the  esstMitial  jK)iiit  —  it  will  be  very  muck 
more  nearly  so  than  at  the  Wginning  of  the  oj^eration.  The  supposed  incor- 
rectness, amounting  perhaps  to  one  or  two  seconds,  in  the  time  at  which  the 
instrument  was  set  on  the  circumi>olar  star  will,  on  account  of  the  slow  mo- 
tion of  the  star,  make  almost  no  perceptible  difference  in  the  direction  given 
to  the  axis. 

A  repetition  of  the  oj^eration  may  iHMsiMy  be  nee<letl  to  secure  all  the 
desired  precision.  The  accuracy  of  tliis  aziiiuitli  ailjustment  can  then  be 
verified  by  three  successive  '* culminations  "  or  transits  of  the  pole  star,  or 
any  other  circumpolar.  The  interval  occupicnl  in  passing  from  the  upper  to 
the  lower  culmination  on  the  west  side  of  the  meridian  ought,  of  course, 
to  he  exactly  equal  to  the  time  on  the  eastern  side ;  i.e.,  twelve  sidereal 
boors. 
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61.  The  final  test  of  all  the  adjustments,  and  of  the  accurate  going 
of  the  clock,  is  obtained  by  observing  a  number  of  Almanac  stars  of 
widely  different  declination.  If  they  all  indicate  identically  the  same 
clock  correction,  the  instrument  is  in  adjustment ;  if  not,  and  if  the 
differences  are  not  verj'  great,  it  is  possible  to  deduce  from  the 
observations  themselves  the  true  clock  error,  and  the  adjustment 
errors  of  the  instniment. 

It  i3  to  be  added,  in  this  connection,  that  the  astronomer  can  never  assume 
that  adjustments  are  perfect :  even  if  once  perfect,  they  would  not  stay  so,  on 
account  of  changes  of  temperature  and  other  causes.  Nor  are  observations 
ever  absolutely  accurate.  The  problem  is,  from  observations  more  or  less 
inaccurate  but  honest,  with  instruments  more  or  less  maladjusted  but  Jirniy  to 
find  the  result  that  would  have  been  obtained  by  a  perfect  observation  with 
a  perfect  and  perfectly  adjusted  mstrument.  It  can  l>e  more  nearly  done 
than  one  might  suppose.  But  the  discussion  of  the  subject  belongs  to 
Practical  Astronomy,  and  cannot  be  entered  into  here. 

62.  Prime  Vertical  Instniment.— For  certain  purposes,  a  Transit 
Instrument,  provided  with  an  apparatus  for  rapid  reversal,  is  turned 
quarter- way  round  and  mounted  with  the  axis  north  and  souths  so 
that  the  plane  of  rotation  lies  east  aud  westy  instead  of  in  the  meri- 
dian.    It  is  then  called  a  Prime  Vertical  Transit. 

63.  The  Meridian  Cirole.— In 
order  to  determine  the  DedinO' 
tion  or  Polar  Distance  of  an 
object,  it  is  necessary  to  have 
some  instrument  for  measuring 
angles ;  mere  time-observations 
will  not  suffice.  The  instrument 
most  used  for  this  purpose  is  the 
Meridian  Circle,  or  Transit  CHt' 
de,  which  is  simply  a  transit  in- 
strument, with  a  graduated  circle 
attached  to  its  axis,  and  revolv- 
ing with  the  telescope.  Some- 
times there  are  two  circles,  one 
at  each  end  of  the  axis. 

Fig.  19  represents  the  instru- 
ment *'  schematically,"  showing  merely  the  essential  parts.  Fig.  20 
is  the  meridian  circle  of  the  Princeton  Observatory,  constructed  by 
Fauth  &  Co. 


Fio.  lu.  —  ITie  Meridian  Circle  (Hchematic). 
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Flo.  a).  — Thd^l  Circle  of  the  l-rlacrlan  IllivrviUiry 

n.  f,  D,  tbc  ICmlliif  UtrroKopea.  f.  ihe  C'luinp.     (],  lh«  Taugml  Bcnw. 

Ibe  KoD(hly  Unu[ii>ud  HrUIng  CTrrlf .  .  W,  llif  Klithl  Axvnaloii  illmmi-lcr. 

Ihc  lodH  Uieruacope.      This  ii  uiuilly,  however.  iriT,  (^untrrpolHi.  which  ukn  pari  or  lbs 

plucd  hilf  wmr  belwHo  .f  ud  C  '  of  the  lutnimcDlor  rrom  Ihc  Y'l 
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Ill  observatory  instruments  the  circle  is  usually  from  two  to  four  feet  in 
diameter ;  larger  circles  were  once  lused,  but  it  is  found  that  their  weight, 
and  the  consequent  strains  and  flexures,  render  them  actually  less  accurate 
than  the  smaller  ones.  The  utmost  resources  of  mechanical  art  are  ex- 
hausted in  making  the  graduation  as  precise  as  possible  and  in  providing  for 
its  accurate  reading,  as  well  as  in  securing  the  maximum  firnmess  and  star 
bility  of  every  part  of  the  instrument.  The  actual  divisions  are  usually 
5'  apart  (in  very  large  instruments  sometimes  only  2'),  but  the  circle  is 
**  read  "  to  seconds  and  tenths  of  seconds  of  arc  by  means  of  reading  micro- 
scopesy  from  two  to  six  in  number,  fixed  to  the  pier  of  the  instrument.  In  a 
circle  of  forty  inches  diameter,  1"  is  a  little  less  than  y^J^iy  of  an  inch, 
(2^5 2 55  "^*^^^)'  *o  ^^^'*^^  ^^^®  necessity  of  fine  workmanship  is  obvious. 

64.  The  Beading  Microscope  (Fig.  21). — This  consists  essen- 
tially of  a  com()oiind  microscope,  which  forms  a  magnified  image  of 
the  graduation  at  the  focus  of  its  object-glass,  whore  this  image  is 

viewed  by  a  positive  eye-piece.     At  the 

^        T  place  where  the  image  is  formed  a  pair  of 

C  parallel  spider-lines  or  a  cross  is  placed, 
movable  in  the  plane  of  the  image  by  a 
-'micrometer  screw";  t.c,  a  fine  screw 
with  a  graduated  head,  usually  divided  into 
sixty  parts.  One  revolution  of  the  screw 
carries  the  wire  1'  of  arc,  which  makes 
one  division  of  the  screw-head  1",  the 
tenths  of  seconds  being  estimated. 

The  adjustment  of  the  microscope  for 
"  runs/'  as  it  is  called  (that  is,  to  make  one 
revolution  of  the  micrometer  screw  exactly 
equal  to  1'),  is  effected  as  follows.  By  setting 
the  wires  first  on  one  of  the  graduation  marks 
i  visible  in  the  field  of  view,  and  then  on  the 

Fio.  21.— The  Ueadiiig  MieioncoiMj.  next  mark,  it  is  immediately  evident  whether 

five  revolutions  of  the  screw  "run"  over  or 
fall  short  of  '/  of  the  j^raduation.  If  they  ocerrun,  it  shows  that  the  image 
of  the  graduation  formed  by  the  microscoiHi  objective  is  too  small  to  fit  the 
screw,  and  vict-vfrsa.  Now,  by  simi>ly  increasing  or  decreasing  the  distance 
-4 /i  between  the  ol)jective  and  the  micrometer  box,  the  size  of  the  image 
can  be  altered  at  will,  and  the  objective  is  therefore  so  mounted  that  this 
can  be  done.  Of  course,  every  change  in  the  length  of  the  microscope  tube 
will  also  re(iuire  a  readjustment  of  the  distance  between  the  "limb,"  or 
graduated  surface,  of  the  circle  and  the  microscoiH%  in  order  to  secure  distinct 
vision ;  but  by  a  ft»w  trials  the  adjustment  is  easily  made  sufiiciently  precise. 
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The  reading  of  the  circle  \a  as  fotluwe :  Ad  extra  index-microBcope, 
with  low  power  and  large  field  of  view,  sliowe  by  inspection  the  de- 
grees and  minutes.  The  reading-microscopes  are  only  used  to  give 
the  odd  seconds,  which  is  done  by  tnrnm»  the  screw  until  the  parallel 
spider-lines  are  made  to  include  one  of  Uie  graduation  lines  half-way 
between  themselves ;  the  head  of  tlic  screw  then  shows  directly  the 
seconds  and  tentlis,  to  be  added  to  tlic  degrees  and  minutes  shown 
by  the  index.  Thus  in  Fig.  22,  the  reading  of  the  microscope  is 
3'  22".l,  the  3'  being  given  by  the  scale  in  the  field,  the  22".l  by  the 
screw -head. 

60.    Hetliod  of  obwrrin^a  Star. — A  minute  or  two  before  the  star 
reaches  the  meridian  the  instrument  is  approximately  |iointed,  so  that 
the  star  will  come  into  the  field  of  view.     As  soon  as  it  makes  its 
appearance,  the  instrument 
is  moved  by  the  slow-mo- 
tion   lAngent-screw   until 
the  star  is  "bisected"  by 
the    fixed    horizontal  wire 
of    the    reticle,    and    the 
star  is  kept  bisected  until 

it  reaches  tlie  middle  ver-        Kiu.K.-FWJot  vi.i>o(  itruiiiiK  uicroKopc. 
tical  wire  which  marks  the 

meridian.     The  microscopes  arc  tlien  read,  and  their  mean  result  is 
the  star's  "  circle-reading." 

Frequently  the  star  is  bisected,  not  by  moving  the  trhole  instrument,  but 
by  means  uf  a  '■  uiicrouieter  wire,"  which  moves  up  and  down  in  Ihe  field  of 
view.  The  micrometer  reading  then  has  (o  be  combined  with  the  reading 
of  the  micro^ope,  to  get  the  true  circle-reatling. 

66.  Zero  Foints.  —  In  determining  tlie  declination  or  meridian 
altitude  of  a  star  by  means  of  its  circle -reading,  it  is  necessary  to 
know  the  "zero  jmnt"  of  the  circle.  For  declinations,  the  "zero 
jMiint "  is  cither  tlie  iwlar  or  the  equ.itorial  reading  of  the  circle  ;  i.e., 
the  reading  of  the  circle  wlicu  the  telescope  is  |)ointcd  at  the  iK>Ie 
or  at  the  equator. 

The  "polar point"  may  tte  found  by  observing  some  fircnmiHtlar 
star  above  the  |>ole,  and  again,  twelve  hours  later,  below  it.  When 
the  two  circle- readings  iiave  licen  fhilr/  corn-vti-d  for  rf/ruetimt  and 
iastnimentai  errvrs,  tlieir  mean  will  l>e  tlie  polar  iM)ints, 
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Suppose,  for  instance,  that  8  Ursas  Minoris,  at  the  **  upper  culmination,'* 
gives  a  corrected  reading  of  52°  18'  25".3,  wljile  at  the  lower  culmination  the 
reading  is  45°  31'  35".7,  then  the  mean  of  these,  48°  55'  00".5,  is  the  polar 
point,  and  of  course  the  equatorial  reading  is  138°  55' 00".5,  —  just  90° 
greater.  The  polar  distance  of  the  star  would  l)e  the  half-difference  of  the 
two  readings,  or  3°  23'  24".8. 

67.  Hadir  Point.  — The  determination  of  the  polar  point  requires 
two  observations  of  the  same  star  at  an  interval  of  twelve  hours.  It  is 
often  difficult  to  obtain  such  a  pair ;  moreover,  the  refraction  compli- 
cates the  matter,  and  renders  the  result  less  trustworthv.  Accord- 
ingly  it  is  now  usual  to  use  the  nadir  or  the  horizontal  reading  as  the 
zero,  rather  than  the  polar  point. 

The  nadir  point  is  determined  by  pointing  the  telescope  down- 
wards to  a  basin  of  mercury,  moving  the  telescope  until  the  image 
of  the  horizontal  wire  of  the  reticle,  as  seen  by  reflection,  coincides 
with  the  wire  itself.  Since  the  reticle  is  exactly  in  the  principal 
focus  of  the  object-glass,  rays  of  light  emitted  by  any  point  in  the 
reticle  will  become  a  parallel  beam  after  passing  the  lens,  and  if  this 

beam  strikes  a  plane  mirror  perpendicularly  and 
is  returned,  the  rays  will  come  just  as  if  from  a 
real  object  in  the  sky,  and  will  form  an  image 

— < <S?  at  the  focal  plane.     AVTien,  therefore,  the  image 

of  the  central  wire  of  the  reticle,  seen  in  the 
mercury  basin  by  reflection,  coincides  with  the 
^Reticle  ^^^'6  itself,  we  know  that  the  line  of  coUimation 

Fia.  23.  must  be  exactly  perpendicular  to  the  surface  of 

The  Coiiimating  Eye-Piece,  ^^c  mercury  ;  L.,  Vertical. 

To  make  the  image  visible  it  is  necessary  to  illuuiinate  the  reticle  by  light 
thrown  towards  the  object-glass  from  behind  the  wires,  instead  of  light 
coming  from  the  object-glass  towards  the  eye  as  usual.  This  j^eculiar  illu- 
mination is  commonly  effected  by  means  of  Bohnenberger's  "coiiimating 
eye-piece,"  shown  in  Fig.  23.  In  the  simplest  form  it  is  merely  a  common 
Kamsden  eye-piece,  with  a  hole  in  one  side,  and  a  thin  glass  plate  inserted 
at  an  angle  of  45°.  A  light  from  one  side,  entering  through  the  hole,  will  be 
(partially)  reflected  towards  the  wires,  and  will  illuminate  them  sufliciently. 

The  horizontal  point  of  course  differs  just  90°  from  the  nadir  point.  It 
may  also  be  found  independently  by  noting  the  circle-readings  of  some  star 
observed  one  night  directly,  and  the  next  night  by  reflection  in  mercury ;  or, 
if  the  star  is  a  close  circumpolar,  both  observations  may  be  made  the  same 
evening,  one  a  few  minutes  before  its  meridian  passage,  the  other  just  as 
long  after.  But  the  method  of  the  coiiimating  eye-piece  is  fully  as  accurate 
and  vastlv  more  convenient. 
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68.  Differential  Vse  of  the  InBtmment. — We  now  know  the  places  of 

several  hundred  stars  with  so  much  precision  that  in  many  cases  it  is  quite 
sufficient  to  observe  one  or  two  of  these  *^  standard  stars  **  in  connection  with 
the  bodies  whose  places  we  wish  to  determine.  The  difference  between  the 
declination  of  the  known  star  and  that  of  any  star  whose  place  is  to  be 
determined,  will,  of  course,  be  simply  the  difference  of  their  circle-readings, 
corrected  for  refraction,  etc.  The  meridian  circle  is  said  to  be  used  *^  differ- 
entially "  when  thus  treated. 

69.  Errors  of  Graduation,  etc.  —  If  the  circle  is  from  a  reputable 
maker,  and  has  four  or  six  microscopes,  and  if  the  observations  are 
carefully  made  and  all  the  microscopes  read  each  time,  results  of 
sufficient  precision  for  most  purposes  may  be  obtained  by  merely 
correcting  the  observations  for  "runs"  and  refraction.  The  out- 
standing errors  ought  not  to  exceed  a  second  or  two.  But  when  the 
tenths  of  a  second  are  in  question,  the  case  is  different.  It  will  not 
then  do  for  the  astronomer  to  assume  the  accuracy  of  the  graduation 
of  his  circle,  but  he  must  investigate  the  errors  of  its  divisions,  the 
errors  of  the  micrometer  screws  in  the  microscopes,  the  flexure  of  the 
telescoi^e,  and  the  effect  of  differences  of  tem|)erature  in  shifting 
the  zero  points  of  the  circle,  by  slightly  disturbing  the  position  or 
direction  of  the  microscopes.  Of  course  this  is  not  the  place  to 
enter  into  such  details,  but  it  is  an  opportunity  to  impress  again  upon 
the  student  the  fact  that  truth  and  accuracy  are  only  attainable  by 
immense  painstaking  and  labor. 

70.  Moral  Circle.  —  This  instrument  is  in  principle  the  same  as  the 
meridian  circle,  which  has  superseded  it.     It  consists  of  a  circle,  carrpng  a 

telescope  mounted  on  the  face  of  a  wall  of  masonry  (as  its  name  implies) 
and  free  to  revolve  in  the  plane  of  the  meridian.  The  wall  furnishes  a  con- 
venient support  for  the  microscopes. 

71.  Altitude  and  Asimnth  Instnunent.  —  Since  the  transit  instru- 
ment and  meridian  circle  are  confined  to  the  plane  of  the  meridian, 
their  usefulness  is  obviously  limited.  Meridian  observations,  when 
they  are  to  be  had,  are  better  and  more  easily  used  than  any  others, 
but  are  not  always  attainable.  We  must  therefore  have  instruments 
which  will  follow  an  object  to  any  part  of  the  heavens. 

The  altitude  and  azimuth  instrument  is  simply  a  sur\'eyor*8  theodo- 
lite on  a  large  scale.  It  has  a  horizontal  circle  turning  ui)on  a  verti- 
col  axis,  and  read  by  verniers  or  microscopes.  Upon  this  circle,  and 
turning  with  it,  are  supports  which  carry  the  horizontal  axis  of  the 
telescope  with  its  vertical  circle,  also  read  by  micix>scopes.     Obvi- 
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oimly  the  reathnga  of  these  two  eircles,  when  the  instrument  is  prop- 
erlv  adjusted  and  the  zero  [loiiits  (.leterniiiied,  will  give  the  altitude 


nd  nziniiith  of  the  Ixxly  [xiinti'd  on.     Fig:-  '21  represeuLs  n  uniull  ii 
ti'iniK'nl  c.f  this  kiml  by  Fmitli  <'i  Co. 
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72.  The  Equatorial. — The  essential  characteristic  of  this  instrument 
is  that  its  principal  axis,  i.e.,  the  axis  which  rests  in  fixed  bearings, 
instead  of  being  either  horizontal  or  vertical,  is  inclined  at  an  angle 
equal  to  the  latitude  of  the  place,  and  directed  towards  the  pole,  thus 
placing  it  parallel  to  the  earth's  axis  of  rotation.  This  axis  of  the 
instrument  is  called  its  polar  axis;  and  the  graduated  circle  which  it 
carries,  and  which  is  parallel  to  the  celes- 
tial equator,  is  called  the  hour-circle^  be- 
cause itfl  reading  gives  the  hour-angle  of 
the  body  upon  which  the  telescope  hap- 
pens to  be  pointed.  Sometimes,  also,  it  is 
called  the  Right  Ascension  Circle.  Upon 
this  polar-axis  are  secured  the  bearings 
of  the  declination  axis,  which  is  perpen- 
dicular to  the  polar  axis,  and  carries  the 
telescope  itself  and  the  declination  circle. 

In  the  instruments  before  described,  the 
telescope  is  a  mere  pointer,  and  wholly 
subsidiary  to  the  circles  ;  in  the  equatorial 
the  telescope  is  usually  the  main  thing, 
and  the  circles  are  subordinate,  serving 
only  to  aid  the  observer  in  finding  or 
•dentifying  the  body  upon  which  the  telescope  is  directed. 

Fig.  25  exhibits  schematically  the  ordinary  form  of  equatorial 
mounting,  of  which  there  are  numerous  modifications.  Fig  2G  is  the 
23-inch  Clark  telescope  at  Princeton,  and  Fig.  27  is  the  4 -foot 
Melbourne  reflector.  The  frontispiece  is  the  great  Lick  telescope 
of  thirty-six  inches  diameter. 

The  advantages  of  the  equatorial  mounting  for  a  large  telescope 
are  very  great  as  regards  convenience.  In  the  first  place,  when  the 
telescope  is  once  pointed  upon  a  star  or  planet,  it  is  onh*  necessary 
to  turn  the  polar  axis  with  a  uniform  motion  in  order  to  '*  follow  "  the 
star,  which  otherwise  would  be  carried  out  of  the  field  of  view  in  a 
few  moments  by  the  diurnal  motion.  This  motion,  since  it  is  uni- 
form, can  be,  and  in  all  large  instruments  usually  is,  given  by  clock- 
work, with  a  continuous  regulator  of  some  kind,  similar  to  that  used 
in  the  chronograph.  The  instrument  once  directed  and  clamped, 
and  the  clock-work  started,  the  object  will  continue  apparently  im- 
movable in  the  field  of  view  as  long  as  may  be  desired. 

In  the  next  place,  it  is  very  easy  to  find  an  object,  even  if  invisible 
to  the  naked  eye,  like  a  faint  comet  or  nebula,  or  a  star  in  the  day- 


Fie.  25. 
The  Equatorial  (Scbemaac). 
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time,  provided  we  know  ita  decliuatioo  aod  right  ascenaiOD,  and 
have  tlic  sidereal  time  ;  for  wliicli  rcaaoD  a  sidereal  clock  or  chro- 
nometer is  an  indispenHuble  adjuuct  of  the  equatorial. 


To  (iii.l  ail  ..l.ji-.'l,  till'  l..loN-i.iw  is  liiriLfil  in  awliimtioii  until  the  reading 
of  the  ilirliiialioii  tirdi-  ciirri'spiHuls  In  tlic  iWliiuilioii  of  the  oliject,  and 
then  tilt;  IKjliir  axis  is  tiinieil  until  thi'  hoiir-circk  of  the  instninieiit  (not  to 
)ie  ooiifonndeil  n-itli  un  hour-circlo  in  lln'  h1>_v)  rfadu  tlie  hour-anijU  of  the 
ulijm'l.     'I'liis  hiiiir-itiiKk'.  it  «il)  W  rfiiienilHrrei],  is  i"in>ply  the  differt-iice  Uv 
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tw«en  th«  sidereal  time  and  the  right  ascension  of  the  object.  The  hour- 
•sgle  is  east  if  the  right  asceDsion  exceeds  the  time;  we.it,  if  it  is  leu. 
When  the  telescope  is  thus  set,  the  object  will  be  found  (with  a  low  mag- 
nifying power)  in  the  field  of  view,  unless  it  is  near  the  horizon,  in  which 
case  refraction  must  be  taken  into  account. 


Fia.  IT.— Tb*  Udbourn*  Rvfltetor. 

Willie  the  iDsti'iiment  cannot  give  very  accurate  determinations  of 
the  positions  of  bodies  by  the  direct  reiulinga  of  its  circles,  on  account 
of  the  irregular  Hexures  of  its  axes,  it  may  <lo  so  indirectly  ;  that  is, 
it  may  be  used  to  determine  very  accurately  the  difference  between 
the  right  ascension  and  deitination  of  a  comet  or  planet,  for  instance, 
nod  that  of  some  neighboring  star,  whose  place  has  l)ecn  already 
determined  by  the  meridian  circle:  and  this  is  one  of  the  most  im- 
portant uses  of  the  iustniment. 
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73.     Tlie  Hiorometer. — Micrometers  of  various  sorts  are  employed 

for  the  purpose.     Tlie  moat  common  and  most  generally  useful  is  the 

so-called  '^Jiiar  position-micrometer,"  Fig.  28,  which  is  an  indispea- 

sable   auxiliary  of  every   good 

telescope. 

It  is  a  small  instrument,  much 
like  the  upper  part  of  the  read- 
ing microscc^,  but  more  com- 
plicated.    It  usually  contains  a 
reticle  of  fixed  wires,  two  or 
three  parallel  to  each  other,  and 
crossed    at  right  angles  by  a 
secoud  set.     Then  there  are  two 
or  thiec  wires  parallel  to  the  first 
set,  and  movable   by  an  accu- 
rately made  screw  with  a  gradu- 
ated head   and  a    counter,    or 
scale,  for  indicating  the  number 
of  entire  revolutions    made  by 
the  screw.     The  box  containing 
these   wires,   and   carrying   the  eye-piece   and  screw,  can  ituelf   be 
turned  around  in  a  plane  perpendicular  to  tlie  optical  axis  of  tlie 
telescope,  and  set  in  any  desired  position ;  for  example,  so  that  the 
movable  wires  shall  be  parallel  to   the  celestial  equator,  while  the 


Flo.  ».  — TlwPllmrl-< 


other  sot  run  north  and  south.  This  "  |K>BitioD  angle  "  is  read  on  a 
graduated  circle,  which  forms  part  of  tlte  instrument.  Means  of 
illumiuation  are  p^o^  idcd,  giving  at  pleasure  cither  dark  wires  in  a 
bright  field,  or  vice  rerm. 

With  this  instmroeut  one  can  measure  the  distance  (in  seconds  of 
arc),  and  the  direction  between  any  two  stars  which  are  near  enough 
to  lie  seen  at  once  in  the  name  liehl  of  view.     This  range  in  small 
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telescopes  may  reach  30'  of  arc ;  while  io  the  latter  iiiBtruments, 
which,  with  the  same  eye-pieces  have  much  higher  magnifying  powers, 
it  is  necessarily  less, — not  more  than  from  H'  to  10'. 

74.  A  new  form  of  e<iuaU)rial,  known  an  the  Eq-aalor'ml  Coude,  or  Elbowed 
Equatorial,  has  been  recently  introduced  at  the  Paris  Observatory.  With 
large  instruments  of  the  ordinary  form  a  great  deal  of  inconvenience  is  en- 
countered by  the  observer,  in  moving  about  to  follow  the  eye-piece  into  the 
Tarious  positions  into  which  it  is  forced  by  tlie  inconsiderateness  of  the 


na.  ao.-TbaE()Dalarl*ICoud«. 

heavenly  bodies.    Moreover,  the  revolving  dome,  which  i.i  unnally  erected  to 
shelter  a  great  telescope,  in  an  exceedingly  cumbrous  and  expensive  ufT^r. 

In  the  Equatorial  Coudd,  Fig.  30,  these  difficulties  are  overcome  by  the 
nse  of  mirrors.  The  observer  site  always  in  one  fixed  position,  looking 
obliquely  down  through  the  polar  axis,  which  is  also  the  telescope  tube. 

The  Paris  instrument  has  an  object.gl!LS3  Bl>out  ten  inches  in  diameter, 
and  performs  very  satisfactorily.  The  two  reflections,  however,  cau»e  a 
considerable  loss  of  light,  and  some  injury  to  the  definition.  The  J\ 
and  the  consequent  complications,  also  add  heavily  to  the  cost  of  the 
strument.    Fig.  30  is  from  a  photograph  of  this  instrument. 


78,  All  the  instnimeDts  so  far  described,  except  the  chronometer, 
tn  fixed  instruments ;  of  use  only  when  thev  can  be  set  up  linnly  and 
carefully  adjusted  to  established  positions.  Not  one  of  them  wouUI 
be  of  the  slightest  use  on  shipboai'd. 
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We  have  now  to  describe  the  iostrument  which,  with  the  help  of 
the  chronometer,  is  the  main  dependence  of  the  mariner.  It  is  an 
instrument  with  which  the  observer  meaanrcB  the  angular  distance 
between  two  objects  ;  as,  for  instance,  the  sun  and  the  visible  horizon, 
not  by  pointing  first  ou  one  and  then  nfterwards  on  the  other,  but  by 
xiffhting  them  bolk,  aimuUaneouidi/  and  in  apparent  coincidence;  whicli 
can  be  done  even  when  he  has  no  fixed  position  or  stable  footing. 

76.  The  Sextant.  — The  gi'aduat«d  limb  of  the  sextant  is  carried 
by  a  light  framework,  usually  of  metal,  provided  with  a  suitable  handle 
X.     The  arc  is  about  one-sixth  of  a  circle,  as  the  name  implies,  and 


Is  usually  from  five  to  eight  inches  radius.  It  bears  a  graduation  of 
half-dpgreea,  mimhertil  as  ti-liole  ile'jrf<-s,  so  that  it  can  measure  any 
angle  less  tlmn  120°. 

Au  '•  iiiiii-j--tirm,"  .V.Vin  the  figure,  is  pivoted  at  tiie  centre  of  the 
are,  and  c.irrics  a  vernier  whicli  slides  along  the  limb,  and  can  be 
fixed  at  any  |)oint  by  a  clamp  and  delicately  moved  by  the  attached 
tangi'iit  scn-w,  T.  The  readiuii  of  this  vernier  gives  the  angle 
measure*!  by  the  instrument.     The  best  instruments  read  to  10". 

.(imt  over  the  centre  of  motion,  the  "  inrfcjr-mirror "  M,  about 
two  inches  by  one  and  one-half  in  size,  is  fastened  aecnrely  to  the 
index-arm,  so  as  to  \k  per|iendicular  to  the  plane  of  the  limb.     At 
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JJ,  the  '*  horizon-glass,"  about  an  inch  wide  and  of  the  same  height 
as  the  index-glass,  is  secured  firmly  to  the  frame  of  the  instrument, 
in  such  position  that,  when  the  vernier  of  the  index-arm  reads  zeroy 
the  index-mirror  and  horizon-glass  will  be  parallel  to  each  other. 
Only  fudf  of  the  horizon-glass  is  silvered,  the  upper  half  being  left 
transparent.     ^  is  a  small  telescope. 

If  the  vernier  stands  neary  but  not  at  zero,  the  observer  look- 
ing into  the  telescope  will  see  together  in  the  field  of  view  two  sepa- 
rate images  of  the  object ;  and  if,  while  still  looking,  he  slides 
the  vernier  a  little,  he  will  see  that  one  of  the  images  remains  fixed, 
while  the  other  moves.  The  fixed  image  is  due  to  the  rays  which 
reach  the  object-glass  of  the  telescope  directly,  coming  through 
the  unsilvered  half  of  the  horizon-glass :  the  movable  image,  on  the 
other  hand,  is  produced  by  rays  which  have  sufTered  two  reflections, 
—  first,  from  the  index-mirror  to  the  horizon-glass ;  and  second,  at 
the  lower  half  of  the  horizon-glass.  When  the  two  mirrors  are 
parallel,  and  the  vernier  reads  zero,  the  two  images  coincide,  pro- 
vided the  object  is  at  a  considerable  distance. 

If  now  the  vernier  does  not  stand  at  or  near  zero,  the  observer, 
looking  at  any  object  directly  through  the  horizon-glass,  will  see, 
not  only  that  object,  but  also  whatever  other  object  is  so  situated 
as  to  send  its  rays  to  the  telescope  by  reflection  upon  the  mir- 
rors ;  and  the  reading  of  the  vernier  will  give  the  angle  at  the  instru- 
ment between  the  two  objects  whose  images  thus  coincide;  the  angle 
between  the  planes  of  the  two  mirrors  being  just  half  that  between 
the  objects,  and  the  half -degrees  on  the  limb  being  numbered  as 
whole  ones. 

77.  The  principal  use  of  the  instniment  is  in  measuring  the  altitude 
of  the  sun.  At  sea  the  observer,  holding  the  instrument  with  his  right 
hand  and  keeping  the  plane  of  the  arc  vertical,  looks  directly  towards 
the  visible  horizon  at  the  poiut  under  the  sun,  through  the  horizon- 
glass  (whence  its  name)  ;  then  by  moving  the  vernier  with  his 
left  hand,  he  inclines  the  index-glass  upwards  until  one  edge  of  the 
reflected  image  of  the  sun  is  brought  just  to  touch  the  horizon-line, 
noting  the  exact  time  by  the  chronometer,  if  necessary.  The  reading 
of  the  vernier,  after  correcting  for  the  semi-diameter  of  the  sun,  the 
dip  of  the  horizon,  the  refraction,  and  the  parallax  (and  for  the 
''  index -error '*  of  the  sextant,  if  the  vernier  does  not  read  strictly 
zero  when  the  mirrors  are  parallel)  gives  the  sun's  true  altitude  at  the 
moment. 
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78.  On  land  the  visible  horizon  is  of  no  use,  and  we  hare  lecourse  to  an 
'^artificial  horizon,**  as  it  is  called.  This  is  merely  a  shallow  basin  of  mercury, 
covered,  when  necessary  to  protect  it  from  the  wind,  with  a  roof  made  of 
glass  plates  having  their  sides  plane  and  parallel. 

In  this  case  we  measure  the  angle  between  the  sun*s  image  reflected  in  the 
niercurj'  and  the  sun  itself.  The  reading  of  the  instrument,  corrected  for 
index-error,  gives  twice  the  sun*s  apparent  altitwle ;  which  apparent  altitude, 

corrected  as  before  for  refraction  and 
parallax,  but  not  for  dip  of  the  horizon, 
gives  the  true  altitude.  The  skilful  use 
of  the  sextant  requires  steadiness  of 
hand  and  considerable  dexterity,  and 
from  the  small  size  of  the  telescope  the 
angles  measured  are  of  course  less  pre- 
cise than  if  determined  by  large  fixed 
instniments.  But  its  portability  and 
applicability  at  sea  render  it  absolutely 
invaluable. 

79.     The  principle  that  the  true  angle 
between  the  objects  whose  images  coin- 
cide is  twice  the  angle  between  the  mir- 
rors (or  between  their  normals)  is  easily 
demonstrated  as  follows  ( Fig.  32)  :  — 

The  ray  SM  coming  from  an  object,  after  reflection  first  at  M  (the  index- 
mirror),  and  then  at  //  (the  horizon-glass),  is  made  to  coincide  with  the 
ray  OH  coming  from  the  horizon.  We  must  prove  that  the  angle  SEO,  be- 
tween the  object  and  the  horizon,  as  seen  from  the  point  E  in  the  instrument, 
is  double  the  angle  Q,  l)etween  MQ  and  HQ,  which  are  normals  to  the  mir- 
rors, and  therefore  double  Q',  which  is  the  angle  between  the  planes  of  the 
mirrors. 

First,  from  the  law  of  reflection,  we  have. 


Fio.  a2.  —  Principle  of  the  SezUDt. 


SMP^  HM1\   or   SMII=  2  X  PMH. 


Similarlv, 


MlIE  -  2  X  MIIQ, 


From  the  geometric  principle  that  the  exterior  angle  SMH  of  the  triangle 
IIME  is  equal  to  the  sum  of  the  opposite  interior  angles  at  //  an<l  E,  we  get 

HEM  =  SMH  -  MIfE  =  2  PMH  -  2  3///Q  =  2  {PMH -  MHQ) . 

Similarly,  from  the  triangle  IfMQ,  we  have 

IIQM  -  PMFf  -  MHQ, 

which  is  half  the  value  just  found  for  HEM,  and  proves  the  projwsition. 


r^ 
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Of  course  with  the  sextant,  as  with  all  other  instrnments,  it  is 
necessary  for  the  observer  who  aims  at  the  utmost  precision  to  inves- 
tigate, and  take  into  account  its  errors  of  graduation,  construction 
and  adjustment ;  but  their  discussion  does  not  belong  here. 

80.  Besides  the  instruments  we  have  described,  there  are  many 
others  designed  for  special  work,  some  of  which,  as  the  zenith  tele- 
scope, and  heliometer,  will  be  mentioned  hereafter  as  it  becomes 
necessary.  There  is  also  a  whole  class  of  physical  instruments, 
photometers,  spectroscopes,  heat-measuring  appliances,  and  photo- 
graphic apparatus,  which  will  have  to  be  considered  in  due  time. 

But  with  clock,  meridian  circle,  and  equatorial  and  their  usual 
accessories,  all  the  fundamental  observations  of  theoretical  and  spheri- 
cal astronomy  can  be  supplied.  The  chronometer  and  sextant  are 
practically  the  only  astronomical  instruments  of  any  use  at  sea. 


DIF   OF  TUB  UOBIZON. 


CHAPTER  III. 

CORRECTIOXS  TO  ASTRONOMICAL  OBSERVATIONS,  DIP  OF  THE 
HORIZON,  I'ARALLAX,  SEMI-DIAMETER,  REFRACTION,  AITO 
TWILIGHT. 

81.     Bip   of  the    Horizon.  —  In  observatiuna  of  the  altitude  of 

a  heaveuly   body   at  sea,  where    the   meastiremcDt  is  made   from 

the   m-a-liiif,  a   coriectiou    is    needed   on    account  of  the  fact    that 

this  visible  liorizon   docs   not  coincide  with   tlie  true  astranomical 

horizon  (nhich  is  90°  fi-oiu  the  zenith),  but 

— U    falls  sensibly  below  it  by  an  amount  koovo 

as  the  nip  of  the  Horizon.    The  amount  of 

this  dip  depends  upon  the  size  of  the  earth 

and  tlic  height  of  the  observer's  eye  above 

the  sea-level. 

In  Fig.  33,  C  ie  the  centre  of  the  earth, 

AB  a  portion  of  its  level  surface,  aad  0  the 

observer,  at  an  elevation  A  above  A.    The 

line  OH  is  truly  horizontal,  while  the  tangent 

Pio.  S3.  — Dipoiiheiinriion.    line,  OB,   corresponds    to    the    line    drawn 

from   the  eye  to    the  visible  horizon.     The 

angle  HOB  is  the  dip.    This  is  obviously  equal  to  the  angle  OCB 

at  the  centre  of  the  earth,  if  we  regard  the  earth  as  spherical,  as  wo 

may  do  with  quite  sutlicicut  accuracy  for  the  purpose  iu  hand. 

From  the  right-angled  triangle  OBC  we  have  directly 


BG 
'  CO' 

Putting  if  for  the  rmlius  of  the  carlh.  aud  A  for  the  dip,  this 


'"'■"-co- 


Ji  +  h 

This  fornmla  is  exact,  but  inconvenient,  because  it  gives  the  small  angle 
A  hv  means  of  its  cosine.  Since,  however,  1— cosA  =  '2sin'j  A,  we  easily 
obtain  the  following :  — 
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This  gires  the  true  depression  of  the  sea  horizon,  as  it  would  be  if  the 
line  of  sight,  drawn  from  the  eye  to  the  horizon  line,  were  straight.  On 
account  of  refraction  it  is  not  straight,  however,  and  the  amount  of  this 
**  terrestrial  refraction "  is  very  variable  and  uncertain.  It  is  usual  to 
diminish  the  dip  computed  from  the  formula  by  one-eighth  its  whole  amount. 

An  approximate  formula*  for  the  dip  is 

A  (in  minutes  of  arc)  =  V/*  (feet)  ; 

or,  in  words,  the  square  root  of  the  elevation  of  the  eye  (in  feet)  gives 
the  dip  in  minutes.     This  gives  a  value  about  ^  part  too  large. 

Since  the  dip  is  applicable  only  to  sextant  observations  made  at 
sea,  where,  from  the  nature  of  the  instrument,  and  the  rising  and 
falling  of  the  observer  with  the  vessel's  motion,  it  is  not  possible  to 
measure  altitudes  more  closely  than  within  about  15'',  there  is  no 
need  of  any  extreme  precision  in  its  calculation. 

1  This  approximate  formula  may  be  obtained  thus  :  — 

^'    ^     B  +  h     \r)     [         RJ 
But  since  7.  is  a  very  small  fraction,  it  may  be  neglected  in  the  divisor  [  1  +  -  ]f 
and  the  expression  becomes  simply, 

2  sin  *  A  A  =  —  ;   whence  sin  ^  A  =  -% — . 

Since  A  is  a  very  small  angle, 

A  =  sin  A  =  2  sin  ^  A,      so  that 

A  (In  radians)  =  2^/——=  -*/ — - . 

To  reduce  radians  to  minutes,  we  must  multiply  by  3438,  the  number  of  minutes 
in  a  radian.     Accordingly, 

A'  (in  minutes  of  arc)  =  3438  J—- 

If  we  express  A  in  feet,  we  must  also  use  the  same  units  for  B.  The  mean 
radius  of  the  earth  is  about  20,884,000  feet,  one-half  of  which  is  10,442,000,  and 
the  square  root  of  this  is  3231 ;  so  that  the  formula  becomes 

~323l^*('^^> 

which  is  near  enough  to  that  given  in  the  text. 

In  fact,  the  refraction  makes  so  much  difTerence  that  even  after  taking  the 

0«0Q 

numerical  factor,  *— ^  ,  as  unity,  the  formula  still  gives  A'  about  ^  part  too  large. 

o2ol 


The  formula  A*  =  VS  h  (metres)  is  yet  more  nearly  correct 
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82.  Parallax. — In  t!ie  most  general  sense,  ^  ^  parallax ' '  is  the  change 
of  a  body's  direction  resulting  from  the  observer's  displacement.  In 
the  restricted  and  technical  sense  in  which  we  are  to  employ  it  now, 
it  may  be  defined  as  the  difference  between  the  direction  of  a  body  as 
( K'tu( (11  f/  observed  and  the  direction  it  would  have  if  seen  from  the  earth's 
rent  re.  Thus  in  the  figure,  Fig.  34,  where  the  observer  is  supposed 
to  be  at  O,  the  position  of  P  in  the  sky  (as  seen  from  0)  would  be 
marked  by  the  point  where  OP  produced  would  pierce  the  celestial 
sphere.  Its  position  as  seen  from  C  would  be  determined  in  the 
same  way  by  producing  CP  to  which  OX  is  drawn  parallel.  The 
angle  POX,  therefore,  or  its  equal,  OPC,  is  the  parallax  of  P  for 
an  observer  at  O. 

Obviously,  from  tlie  figure,  we  may  also  give  the  following  defini- 
tion of  the  parallax.     It  is  the  angu- 
lar distance  (number  of  seconds  of 
arc)  between  the  observer's  station  and 
the  centre  of  the  earth's  disc,  as  seen 
from  the  body  observed.     The  moon's 
parallax  at  any  moment  for  me  is  my 
angular  distance  from  the  earth's  cen- 
tre, as  seen  by ' '  the  man  in  the  moon." 
When  a  body  is  in  the  zenith  its 
pnniUax  is  zero,  and  it  is  a  maxi- 
mum at  the  horizon.     In  all  cases  it 
dejtre.^ses   a    body,   diminishing    the 
altitude  without  changing  the  azimuth. 
The  *'  law  "  of  the  parallax  is,  that  it  ran'ps  as  the  sine  of  the  zenith  dis- 
tance  dlrecthj^and  inversely  as  the  linear  distance  (in  miles)  of  the  body. 
This    follows    easily    from    the    triangle    COP,    where   we    have 
PC:  0C=  sin  COP:  sin  CPO, 

Put  I)  for  PC,  tlie  distance  of  the  body  from  the  earth ;  R  for 
the  earth's  radius,  CO ;  CPO,  the  parallax  ;  ^  for  ZOP,  the  appar- 
ent zenith  distance,  and  remember  that  the  sine  of  {  is  equal  to  the 
sine  of  its  supplement,  COP:   we  then   have   as  the  translation  of 


Fkj.  34.  —  Diurnal  Parallax. 


tlie  above  proportion. 


J)  :  J{  =  sin  (  :  sin  2*- 
R 


sin  ;)  =  — •  sin  ( ; 


This  gives  us 
or,  since  p  is  always  a  small  angle. 


R 


j/'  =  200265"     -sinf. 
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83.  Horizontal  Parallax.  —  When  a  bcxly  is  at  the  horizon  (P^  in 
the  figure),  then  (  becomes  90**,  and  sin  {  =1.  In  this  ease  the  par- 
allax reaches  its  maximum  value,  which  is  called  t?ie  horizontal  paral- 
lax  of  the  body.     Taking  p„  as  the  symbol  for  this,  we  have 

B\n2U  =  —  ;  ^>r?  nearly  enough,  p^  =  206265"  —  . 

Comparing  this  with  the  formula  above,  we  see  that  the  parallax  of 
a  body  at  any  zenith  distance  equals  the  horizontal  parallax  multiplied 
by  the  sine  of  the  zenith  distance;  i.e.,  />  =  /)^  sin {. 

H.B.  A  glance  at  the  figure  will  show  that  we  may  define  the 
horizontal  parallax^  OPC<,  of  any  body,  as  the  angular  semi-diameter 
of  the  earth  seen  from  that  body.  To  say,  for  instance,  that  the  sun's 
horizontal  parallax  is  8". 8,  amounts  to  saying  that,  seen  from  the  sun, 
the  earth's  apparent  diameter  is  twice  8".8,  or  17". 6. 

84.  Belation  between  Horizontal  Parallax  and  Distance. — Since 

we  have 

B 

8»"  Pk  =  -^, 

it  follows  of  course  that  D  =  R -t- siu  p^ ; 

/         1   X                         n      206265''      ,, 
or,  (nearly)  D  = —  x  R. 

If  the  sun's  parallax  equals  8"- 8, 

its  distance  =  ^25^  x  i?  =  23439  /?. 

8.8 

86.  Equatorial  Parallax.  — Owing  to  the  ''ellipticity "  or  ''ob- 
lateness"  of  the  earth  the  horizontal  parallax  of  a  body  varies 
slightly  at  dififereut  places,  being  a  maximum  at  the  equator,  where 
the  distance  of  an  observer  from  the  earth's  centre  is  greatest.  It 
is  agreed  to  take  as  the  standard  the  equatorial  horizontal  parallax ; 
i.e.,  the  earth's  equatorial  semi-diameter  as  seen  from  the  body. 

88.  Diurnal  Parallax.  —  The  parallax  we  have  been  discussing  is 
sometimes  called  the  diurnal  parallax^  because  it  runs  through  all  its 
possible  changes  in  one  day. 

When  the  sun,  for  instance,  is  rising,  its  parallax  is  a  maximum,  and  by 
throwing  it  down  towards  the  east,  increases  its  apparent  right  ascension. 
At  noon,  when  the  sun  is  on  the  meridian,  its  parallax  is  a  minimum,  and 
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affects  only  the  declination.  At  sunset  it  is  again  a  inaximam,  but  now 
throws  the  sun's  apparent  place,  down  towards  the  west.  Although  the  sun 
is  invisible  while  below  the  horizon,  yet  the  parallax,  geometrically  considered, 
again  becomes  a  niiniuium  at  midnight,  regaining  its  original  value  at  the 
next  sunrise. 

The  qualifier,*"'  diurnal,"  is  seldom  used  except  when  it  is  neces- 
sary to  distinguish  between  this  kind  of  parallax  and  the  annual 
parallax  of  the  fixed  stars,  which  is  due  to  the  earth's  orbital  motion. 
The  stars  are  so  far  away  that  they  have  no  sensible  diurnal  parallax 
(the  earth  is  an  infinitesimal  point  as  seen  from  them)  ;  but  some  of 
them  do  have  a  slight  and  measurable  annual  parallax,  by  means 
of  which  we  can  roughly  determine  tfieir  distances.    (Chap.  XIX.) 

87.  Smallness  of  Parallax.  —  The  horizontal  parallax  of  even  the 
nearest  of  the  heavenly  bodies  is  always  small.  In  the  case  of  the 
moon  the  average  value  is  about  57',  varying  with  her  continually 
changing  distance.  Excepting  now  and  then  a  stray  comet,  no  other 
heavenly  body  ever  comes  within  a  distance  a  hundred  times  as  great 
as  hera.  Venus  and  Mars  approach  nearest,  but  the  parallax  of 
neither  of  them  ever  reaches  40". 

88.  Semi-Biameter.  —  In  order  to  obtain  the  true  altitude  of  an 
object  it  is  necessary,  if  the  edge,  or  "//m6,"  as  it  is  called,  has  been 
observed,  to  add  or  deduct  the  apparent  semi-diameter  of  the  object. 
In  most  cases  this  will  be  sensibly  the  same  in  all  parts  of  the  sky, 
but  the  moon  is  so  near  that  there  is  quite  a  perceptible  difference 
between  her  diameter  when  in  the  zenith  and  in  the  horizon. 

A  glance  at  Fig.  34  shows  that  in  the  zenith  the  moon's  distance  is  less 
than  at  the  horizon,  by  almost  exactly  the  earth's  radius  —  the  difference 
between  the  lines  OZ  and  0/*».  Now  this  is  very  nearly  one-sixtieth  part 
of  the  moon's  distance,  and  consequently  the  moon,  on  a  night  when  its 
apparent  diameter  at  rising  is  30',  will  be  30"  larger  when  near  the  zenith. 
Since  the  semi-diameter  given  in  the  almanac  is  what  would  be  seen  from  the 
centre  of  the  earth,  every  measure  of  the  moon's  distance  from  stars  or  from 
the  horizon  will  require  us  to  take  into  account  this  "  augmentation  of  the 
semi-<liameter,"  as  it  is  technically  called. 

The  formula,  easily  deduced  from  the  figure  by  remembering  that  the 

angle  PCO  =  (—/>  (zenith  distance  —  parallax),  and  that  the  apparent  and 

"  almanac "  diameters  will  be  inversely  proportional  to  the  two  distances 

OP  and  CP,  is 

sin  1^ 


apparent  semi-diameter  =  almanac  s.  d.  X  — 


sin  ({-/)) 
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This  measurable  increase  of  the  moon's  angular  diameter  at  high 
altitudes  has  nothiDg  to  do  with  the  purely  subjective  illusion  which 
makes  the  disc  look  larger  to  us  when  iteur  the  horizon.  That  it  is  a 
mere  illusion  may  be  made  evident  bv  simply  looking  through  a  dark 
glass  just  dense  enough  to  hide  the  horizon  and  intervening  land- 
scape. The  moon  or  suu  then  seems  to  shrink  at  once  to  normal 
dimensions. 

89.  Befraotion. — Rays  of  light  have  their  direction  changed  by 
refraction  in  passing  through  the  air,  and  as  the  direction  in  whicJt  we 
Bee  a  body  ta  that  in  which  its  light  reaches  the  eye,  it  follows  that  this 
refraction  apparently  dis- 
places the  stars  and  all 

bodies  seen  through  the 
atmosphere.  So  far  as 
the  action  is  regular,  the 
effect  is  to  bend  the  rays 
directly  downwards,  and 
thus  to  make  the  objects 

appear  higher  In  the  sky.  ' 

Refraction  increases  the 
altitude  of  a  celestial  ob- 
ject witkoiU  altering  the 
azimuth.  Like  parallax, 
it  is  zero  at  the   zenith 

and  a  maximum  at  the  ns.  si.~AtIDa•ph■rlcIt((nc1leB■ 

horizon  ;  but  it  follows  a 

different  law.  It  is  entirely  independent  of  the  distance  of  the 
object,  and  its  amount  varies  (nearly)  as  the  tangent  of  the  zenith 
distance  —  not  as  the  Bine,  as  in  the  case  of  parallax. 

90.  This  approximate  law  of  the  refraction  is  easily  proved. 
Suppose  in  Fig.  85  that  the  observer  at  O  iiees  a  star  in  the  direction  05, 

at  the  zenith  distance  ZOS  or  (.  The  light  has  reached  him  from  5'  by  a 
path  which  was  straight  until  the  ray  met  the  upper  surface  of  tlie  air  at  A, 
but  afterwards  curved  coutiuually  downwards  as  it  passed  from  rarer  to 
denser  regions. 

We  know  that  the  atmosphere  is  very  shallow  as  compared  willi  the  size 
of  the  earth,  and  it  is  exceedingly  rare  in  the  upper  portions,  so  that,  as 
far  OS  concerns  refraction,  we  may  assume  that  the  point  A.  where  the  first 
perceptible  bending  of  the  ray  occurs,  is  not  more  than  fifty  miles  high, 
and  that  the  vertical  AX'  ia  lensibly  parallel  to  OZ :  consequently,  also. 
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that  all  the  succegaive '■^  strata  of  equal  density**  are  parallel  to  each  other  and 
to  the  upper  surface  of  the  air. 

[This  amounts  to  neglecting  the  earth's  curvature  between  0  and  B.] 

The  true  zenith  distance  (as  it  would  be  if  there  were  no  refraction)  is 
ZDS\  which  equals  Z'AS'  ]  and  since  the  refraction,  r,  may  be  defined  as 
the  difference  between  the  true  and  apparent  zenith  distances,  this  true 
zenith  distance  will  ={-f  r. 

Now  from  oi)tical  principles,  when  a  ray  of  light  passes  through  a 
medium  composed  of  parallel  strata,  the  final  direction  of  the  ray  is  the 
same  as  if  the  medium  had  throughout  the  density  of  the  last  stratum, 
and  therefore  the  final  direction,  SO,  will  be  the  same  as  if  all  the  air,  from 
A  down,  had  the  same  density  as  at  0,  with  the  same  index  of  refraction, 
n.  AVe  may  therefore  apply  the  law  of  refraction  directly  at  A,  and  write 
sin  Z'A  S'-  n  sin  BA  C  (  =  ZOS),  or  sin  (f  +  r)  =  n  sin  { ;  .4  C  being  drawn 
parallel  to  OS, 

Developing  the  first  member,  we  have 

sin  f  cos  r  +  cos  f  sin  r  =  n  sin  {. 

But  r  is  always  a  small  angle,  never  exceeding  40' ;  we  may  therefore  take 
cos  r=  1.     Doing  this  and  transposing  the  first  term,  we  get 

cos  f  sin  r-  n  sin  ^  — sin  ^=  (n  —  1)  sin  f. 

Whence,     sin  r  -  ( n  —  1 )  tan  f ; 

or,  r"  --.  (;*  -  1)  206265  tan  f  (nearly). 

Tlic  index  of  refraction  for  air,  at  zero  centigrade  and  a  barometric 
preaaure  of  700""",  is  1.000294  ;  whence, 

/•"  =  .0002U4  X  20C265  x  tan{  =  00".6  tan  {. 

This  equation  holds  very  nearly  indeed  down  to  a  zenith  distance 
of  70°,  but  fails  as  we  approach  the  horizon.  For  rays  coining  nearly 
horizontal,  the  points  A  and  B  are  so  far  from  0  that  the  normal 
AZ'  is  no  longer  practically  parallel  to  OZ ;  and  many  of  the  other 
fundamental  assumptions  on  which  the  formula  is  based  also  break 
down. 

At  the  horizon,  where  {  =  90**  and  tan  f  =  infinity^  the  formula 
would  give  sin  r  =  injinittf  also ;  an  absurdity,  since  no  sine  can 
exceed  unity.  The  refraction  there  is  really  about  37',  under  the 
circumstances  of  temperature  and  pressure  al>ove  indicated. 
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91.  Effect  of  Temperature  and  Barometric  Pressure.  —  The  index 
of  refraction  of  air  depends  of  course  upon  its  temperature  and  pressure. 
As  the  air  grows  warmer^  its  refractive  power  decreases;  as  it  grows 
(lefiser^  the  refraction  increases.  Hence,  in  all  precise  observations  of 
the  altitude  (or  zenith  distance),  it  is  necessary  to  note  both  the 
thermometer  and  the  barometer,  in  order  to  compute  the  refraction 
with  accuracy.  For  rough  work,  like  ordinary  sextant  observations, 
it  will  answer  to  use  the  ^^  mean  refraction,"  corresponding  to  an 
average  state  of  things. 

Tables  of  Refraction.  —  The  computation  of  the  refraction  is  best 
effected  by  special  tables  made  for  the  purpose ;  of  these,  Bessers  tables  are 
the  most  convenient,  best  known,  and  probably  even  yet  the  most  accurate. 
It  must  he  always  borne  in  mind,  however,  that  from  the  action  of  wind  and 
other  causes  the  condition  of  the  air  along  the  path  of  the  ray  is  seldom  per- 
fectly normal ;  in  consequence,  the  actual  refraction  in  any  given  case  is  lia- 
ble to  differ  from  the  computed  by  as  much  as  one  or  even  two  per  cent. 
No  amount  of  care  in  observation  can  evade  this  difficulty ;  the  only  remedy 
is  a  sufficient  repetition  of  observations  imder  varying  atmospheric  condi- 
tions. Observations  at  an  altitude  below  10^  or  15^  are  never  much  to  be 
trusted. 

Lateral  Refraction. —  When  the  air  is  much  disturbed,  sometimes  ob- 
jects are  displaced  horizontally  as  well  as  vertically.  Indeed,  as  a  general 
rule,  when  one  looks  at  a  star  with  a  large  telescope  and  high  power,  it  will 
seem  to  "  dance  "  more  or  less  —  the  effect  of  the  varying  refraction  which 
continually  displaces  the  image. 

92.  Effect  on  the  Time  of  Sunrise  and  Sunset.  — The  horizontal  re- 
fraction, ranging  as  it  does  from  34'  to  39',  according  to  temperature, 
is  always  somewhat  greater  than  the  diameter  of  either  the  sun  or 
the  moon.  At  the  moment,  therefore,  when  the  sun's  lower  limb 
appears  to  be  just  rising,  the  whole  disc  is  really  below  the  plane 
of  the  horizon ;  and  the  time  of  sunrise  in  our  latitudes  is  thus 
accelerated  from  two  to  four  minutes,  according  to  the  inclination  of 
the  sun's  diurnal  circle  to  the  horizon,  which  inclination  varies  with 
the  time  of  the  year.  Of  course,  sunset  is  delayed  by  the  same 
amount,  and  thus  the  day  is  lengthened  by  refraction  from  four 
to  eight  minutes,  at  the  expense  of  the  night. 

98.  Effect  on  the  Form  and  Size  of  the  Discs  of  the  Sun  and  Moon. 
—  Near  the  horizon  the  refraction  changes  very  rapidly.  While  un- 
der ordinary  summer  temperature  it  is  about  3.')'  at  the  horizon,  it  is 
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only  29'  at  an  elevation  of  half  a  degree  ;  so  that,  as  the  sun  or  moon 
rises,  the  bottom  of  the  disc  is  lifted  6'  more  than  the  top,  and  the 
vertical  diameter  is  thus  made  apparently  about  one-fifth  part  shoi^ter 
than  the  horizontal.  This  distorts  the  disc  into  the  form  of  an  oval, 
flattened  on  the  under  side.  In  cold  weather  the  effect  is  much  more 
marked.  As  the  horizontal  diameter  is  not  at  all  increased  by  the 
refraction,  the  apparent  area  of  the  disc  is  notably  diminished  by  it ; 
so  that  it  is  evident  that  refraction  cannot  be  held  in  any  way  re- 
sponsible for  the  apparent  enlargement  of  the  rising  luminary. 

94.  Determination  of  the  Refraction.  —  1 .  Physical  Method. 
Theory  furnishes  the  law  of  astronomical  refraction,  though  the 
mathematical  expression  becomes  rather  complicated  when  we  attempt 
to  make  it  exact.  In  order,  therefore,  to  determine  the  astronomical 
refraction  under  all  possible  circunibtances,  it  is  only  necessary  to 
determine  the  index  of  refraction  of  air,and  its  variations  with  tem- 
perature and  pressure,by  laboratory  experiments,  and  to  introduce  the 
constants  thus  obtained  into  tlie  formuhe.  It  is  diflicult,  however,  to 
make  tliese  determinations  with  the  necessary  precision.  In  fact,  at 
present  our  knowledge  of  the  constants  of  air  rests  mainly  on  astro- 
nomical work. 

2.  By  Observations  of  Circinnpolar  Stars.  At  an  observatory  whose 
latitude  exceeds  15°  select  some  star  which  passes  through  the  zenith 
at  tlie  upper  cuhnination.  (Its  declination  must  equal  the  latitude  of 
the  observatory.)  It  will  not  be  affected  by  refraction  at  the  zenith, 
while  at  the  lower  culmination,  twelve  hours  later,  it  will.  With  the 
miM'idian  circle  observe  its  }}ohtr  distance  in  both  positions,  deterrain- 
in<i:  the  "  polar  points"  of  the  circle  as  described  on  pp.  4G-47.  If  the 
polar  point  were  not  itself  affected  by  refraction,  the  simple  differ- 
ence between  the  two  results  for  the  star's  polar  distance,  obtained 
from  the  upper  and  lower  observations,  would  be  the  refraction  at 
the  lower  point. 

As  a  frst  (iiqn'nximation^  however,  we  may  neglect  the  refraction 
at  the  pole,  and  thus  o])tain  a  first  approximate  lower  refraction. 
By  means  of  this  we  may  compute  an  approximate  |>olar  refraction, 
and  so  get  a  first  ''  corrected  ix)lar  |>oint."  With  this  compute  a 
second  approximate  lower  refraction,  which  will  be  much  more  nearly 
right  than  the  first ;  this  will  give  a  second  ''  corrected  polar  i)oint"  ; 
tiiis  will  in  turn  give  us  a  third  approximation  to  the  refraction ;  and 
so  on.  Hut  it  would  never  be  necessary  to  go  iKjyond  the  third,  as 
the  approximation  is  very  rapid.     If  the  star  does  not  go  exactly 
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through  the  zenith,  it  is  only  necessary  to  compute  each  time  approxi- 
mate refractions  for  its  upi)er  observation,  as  well  as  for  the  polar 
point. 

At  present,  however,  the  refraction  is  so  well  known  that  the 
method  actually  used  is  to  form  ^^  equations  of  condition"  from  the 
observations  of  the  altitude  of  known  stars  under  varying  circum- 
stances, and  from  these  to  deduce  such  corrections  to  the  star  places 
and  refraction  constants  as  will  best  harmonize  the  whole  mass  of 
material. 

96.  3.  By  Observations  of  the  Altitudes  of  Equatorial  Stars  made  at  an  Ob- 
servatory near  the  Equator,  For  an  observer  so  situated,  stars  that  are  on  the 
celestial  equator  (8=  0)  will  come  to  tlie  meridian  at  the  zenith,  and  will  rise 
and  fall  vertically,  with  a  motion  strictly  proportional  to  the  time ;  the  true  zenith 
distance  of  the  star  at  any  moment  being  just  equal  to  its  hour-angle  in 
degrees.  We  have  only,  then,  to  observe  the  apparent  zenith  distance  of  a 
star  with  the  corresponding  time,  and  the  refraction  comes  out  directly. 

If  the  station  is  not  exactly  on  the  equator,  and  if  the  star's  declination  is 
not  exactly  zero,  it  is  only  necessary  to  know  the  latitude  and  declination 
approximately  in  order  to  get  the  refraction  very  accurately :  a  considerable 
error  in  either  latitude  or  declination  will  affect  the  result  but  slightly. 

4.  The  French  astronomer  Loewyhas  recently  proposed  a  method  which 
promises  well.  He  puts  a  pair  of  reflectors,  inclined  to  each  other  at  a  con- 
venient angle  of  from  45°  to  50°  (a  glass  wedge  with  silvered  sides),  in  front 
of  the  object-glass  of  an  equatorial.  This  will  bring  to  the  eye  two  rays 
which  make  a  strictly  constant  angle  with  each  other,  and  there  is  no  difli- 
culty  in  finding  pairs  of  stars  so  situated  that  their  images  will  come  into 
the  field  of  view  together.  Now,  were  it  not  for  refraction,  these  images 
would  always  keep  their  relative  position  unchanged,  notwithstanding  the 
diurnal  motion ;  but  on  account  of  the  changes  in  the  refraction,  as  one  star 
rises  and  the  other  falls,  they  will  shift  in  the  field,  and  micrometric  meas- 
ures will  determine  the  shifting,  and  so  the  refraction,  with  great  precision. 

96.  Twilight.  —  (Althoagh  this  subject  is  one  side  the  main  purpose  of  this 
chapter,  which  deals  with  corrections  to  be  applied  to  astronomical  observations,  we 
treat  it  here  because,  Uke  refraction,  it  is  a  purely  atmospheric  phenomenon,  and 
finds  no  other  more  convenient  place.) 

Twilight,  the  illumination  of  the  sky  which  begins  before  sunrise, 
and  continues  after  sunset,  is  caused  by  the  reflection  of  light  to  the 
observer  from  the  upper  regions  of  the  earth's  atmosphere.  It  is  not 
yet  certain  whether  this  is  due  to  reflection  from  foreign  matter  in  the 
air,  such  as  minute  crystals  of  ice  and  salt,  particles  of  dust  of 
various  kinds,  and  inflnitesimal  drops  of  water,  or  whether  the  pure 
gases  themselves  have  some  |K)wer  of  reflecting  light.     There  is  no 
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doubt,  however,  that  air,  under  the  ordinary  conditions,  possesses 
considerable  power  of  reflection ;  so  that,  as  long  as  any  air  upon 
which  the  sun  is  shining  is  visible  to  the  observer,  it  will  send  him 
more  or  less  light,  and  appear  illuminated. 

Suppose  the  atmosphere  to  have  the  depth  indicated  in  the  figure. 
Then,  if  the  sun  is  at  S^  Fig.  3G,  it  will  just  have  set  to  an  observer  at  i , 
but  all  the  air  within  his  range  of  vision  will  still  be  illuminated.  When, 
by  the  eartli's  rotation,  he  has  been  transported  to  2,  he  will  see  the 
"twilight  bow"  rising  in  the  east,  a  faintly  reddish  arc  separating 
the  illuminated  part  of  the  sky  from  the  darkened  part  below,  which 
lies  in  the  shadow  of  the  earth.  When  he  reaches  3,  the  western 
half  of  the  sky  alone  remains  bright,  but  the  arc  of  separation  be- 


Fio.  36.  —  Twilight. 


tween  the  light  and  darkness  has  become  vague  and  indefinite ;  when 
he  reaches  4,  only  a  glow  remains  in  the  west ;  and  when  he  comes 
to  r>,  night  closes  in  on  him.  Nothing  remains  in  sight  on  which 
the  sun  is  shining. 


97.  Duration  of  Twiliyhl.  —  This  deiwiids  u^wn  the  height  of  the  atmos- 
phere, and  the  angle  at  which  the  sun*s  diurnal  circle  cuts  the  horizon.  It  is 
found  as  a  matter  of  obsen'ation,  not  admitting,  however,  of  much  precision, 
that  twilight  lasts  until  the  sun  has  sunk  about  18°  below  the  horizon;  that 
is  to  say,  the  angle  1  C  5  in  the  figure  is  about  18°. 

The  time  required  to  reach  this  point  in  latitude  40°  varies  from  two 
hours  at  the  longest  days  in  summer,  to  one  hour  thirty  minutes  about  Oct. 
12  and  March  1,  when  it  is  least.  At  the  winter  solstice  it  is  about  one 
hour  and  thirty-five  minutes. 

In  higher  latitudes  the  twilight  lasts  longer,  and  the  variation  is  more 
considerable :  the  dat«  of  the  minimum  also  shifts. 

Near  the  e(][uator  the  duratiou  is  shorter,  hardly  exceeding  an  hour  at  the 
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sea-level;  while  at  high  elevations  (wliere  the  amount  of  air  above  the 
observer's  level  is  less)  it  becomes  very  brief.  At  Quito  and  Lima  it  is 
said  not  to  last  more  than  twenty  minutes.  Probably,  also,  in  mountain 
regions  the  clearness  of  the  air,  and  its  purity  contributes  to  the  effect. 

98.  Height  of  the  Atmoiphere. — It  is  evident  from  the  figare  that 
at  the  moment  twilight  ceases,  the  last  visible  portion  of  illuminated 
air  is  at  the  top  of  the  atmosphere,  and  just  half-way  between  the  ob- 
server and  the  nearest  point  where  the  sun  is  setting.  If  the  whole  arc 
1,  5  is  18^,  1,  3  is  9®  :  then  calling  the  height  of  the  atmosphere  H  and 
the  earth's  radius  /?,  and  neglecting  refraction  (i.e.,  supposing  the  lines 
1  m  and  5  m  to  be  straight) ,  we  have  from  the  right-angled  triangle 
I  Cm,  Cm  =  1,  C  X  sec  9°,  or  22  -f-  if  =  i?  X  sec  9** ;  whence  //=  if 
(sec  9°—  1)  =  0.0125  i?,  or  almost  exactly  fifty  miles.  This  must 
be  diminished  about  one-fifth  part  on  account  of  the  curvature  of 
the  lines  \m  and  5m  by  refraction,  making  the  height  of  the  atmos- 
phere about  fort}'  miles. 

The  i-esult  must  not,  however,  be  accepted  too  confidently.  It  only 
proves  that  we  get  no  sensible  tvnli^jht  illumination  from  air  at  a 
greater  height :  above  that  elevation  the  air  is  either  too  rare,  or  too 
pure  from  foreign  particles,  to  send  us  any  perceptible  reflection. 
There  is  abundant  evidence  from  the  phenomena  of  meteors  that  the 
atmosphere  extends  to  a  height  of  100  miles  at  least,  and  it  cannot 
be  asserted  positively  that  it  has  any  definite  upper  limit. 

99.  Aberration.  —  There  is  yet  one  more  correction  which  has  to  be 
applied  in  order  to  get  the  true  direction  of  the  line  which  at  the  instant  of 
observation  joins  the  eye  of  the  observer  to  the  star  he  is  pomting  at.  The 
aberration  of  light  is  an  apparent  displacement  of  the  object  observed,  due 
to  the  combination  of  the  earth's  orbital  motion  with  the  progressive  motion 
of  light.  It  can  be  l>etter  discussed,  however,  in  a  different  connection  (see 
Chap.  VI.),  and  we  content  ourselves  with  merely  mentioning  it  here. 
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CHAPTER   IV. 

PKOBLE>LS  OF  PRACTICAL  ASTP.ONOMY,  LATITrDE,  TIME, 
LCJXCJITUDE,  AZIMUTH,  AND  THE  RIGHT  AS<:ENSI0X  AND 
I>ECLIXATION   OF   A   HEA\T:NLY   BODY. 

100.  Theke  are  certain  problems  of  Practical  Astronomy  which 
have  to  be  solved  in  obtaining  the  fundamental  facts  from  which  we 
deduce  our  knowledge  of  the  earth's  form  and  dimensions,  and  other 
astronomical  data. 

The  first  of  these  problems  is  that  of  the 

LATITUDE. 

The  latitude  {astronomical)  of  a  place  (p.  11)  is  simply //<e  altitude 
of  the  rdential pole  (Polhohe)^  or,  what  comes  to  the  same  thing,  as  is 
evident  from  Fig.  7  (p.  18),  it  is  the  declination  of  the  zenith.  It  may 
also  be  defined,  from  the  mechanical  point  of  view,  sisthe  angle  between 
the  plane  of  the  earth' a  equator  and  (he  (^server's  plumb-line  or  vertical. 

Neither  of  these  definitions  assumes  anything  as  to  the  form  of  the  earth, 
and  we  shall  find  farther  on  that  this  astronomical  latitude  is  seldom  identical 
with  the  geocentric y  nor  even  with  the  geodetic  latitude  of  a  place.  It  is, 
however,  the  only  kind  of  latitude  which  can  be  directly  determined  from 
astronomical  observations,  and  its  determination  is  one  of  the  most  impor- 
tant operations  of  wliat  may  be  called  Economic  Astronomy. 

101.  Determination  of  Latitude. — First:  By Circumpolars.  The 
most  obvious  method  of  determining  the  latitude  is  to  obsen'e,  with  the 
meridian  circle  or  some  analogous  instrument,  the  altitude  of  acircum- 
I)olar  star  at  its  upper  culmination,  and  again,  twelve  hours  later,  at 
its  lower.  Each  of  the  observations  must  be  corrected  for  refraction^ 
and  then  the  mean  of  the  two  corrected  altitudes  will  be  (he  latitude. 

This  method  has  the  advantage  of  being  an  independent  one;  l.e^  it  does 
not  require  any  data  (such  as  the  declination  of  the  stars  used)  to  be  ao- 
coj>tc<l  on  the  authority  of  previous  observers.  But  to  obtain  much  accuracy 
it  re<iuire8  considerable  time  and  a  large  fixed  instrument.  In  low  latitudes 
the  refraction  is  also  verv  troublesome. 
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102.  Second :  By  the  meridian  altitude  or  zenith  distance  of  a 
body  of  known  declination.  ^ >.  ^ 

Id  Fig.  37  the  semicircle  AQPB  is  the  meridian,  P  and  Q  being 
respectively  the  equator  and  the  pole,  and  Z  the  zenith.  QZ  is  the 
declination  of  the  zenith^  or  the  latitude  of  the  observer  (=  PB). 
Suppose  now  that  we  observe  Zs  {=  {,) ,  the  zenith  distance  of  a  * 
star  8  (south  of  the  zenith),  as  it  crosses  the  meridian,  and  that  its 
declination  Qs  {=  8.)  is  known  ;  then  evidently  <f>  =  h,  -^  {,. 

In  the  same  way,  if  the  star  were  at   7i,  between  zenith  and  pole, 

*=«»-{«. 

If  we  use  the  meridian  circle,  we  can  always  select  stars  that  pass  near 
the  zenith  where  the  refraction  will  be  small;  moreover,  we  can  select  them 
in  such  a  way  that  some  will  be  as  much  north  of  the  zenith  as  others  are 
south,  and  thus  eliminate  the  refraction  errors.  But  we  have  to  get  our  star 
declinations  out  of  catalogues  made  by  previous  observers,  and  so  the  method 
is  not  an  independent  one. 

108.  At  Sea  the  latitude  is  usually  obtained  by  obsomng  with  the  sex- 
tant  the  8un*s  maximum  altitude^  which  y 

of  course  occurs  at  noon.     Since  at  sea  ^"'^"^ 

it  is  seldom  that  one  knows  beforehand  Q/^ 

precisely   the   moment  of  local  noon,       y     N^ 
the  observer  takes  care  to  begin  to  ob-       /  \^ 

serve  the   sun's  altitude   some  ten   or  ^( \!X l^i 

fifteen   minutes   earlier,   repeating   his    „      ,     ^        .     .      .  ,    .    ^ 

'  *^  ^  Fio.  37.  —  DeterminaUon  of  I^Utude. 

observations  every  minute  or  two.     At 

first  the  altitude  will  keep  increasing,  but  immediately  after  noon  it 
will  begin  to  decrease.  The  observer  uses  therefore  the  maximum  * 
altitude  obtained,  which,  corrected  for  refraction,  parallax,  semi- 
diameter,  and  dip  of  the  horizon,  will  give  him  the  true  latitude  of 
his  ship,  by  the  formula  <^  =  8  ±  {. 

104.  Third  :  By  Circum-meridian  Altitudes.  —  If  the  observer  knows 
his  time  with  reasonable  accuracy,  he  can  obtain  his  latitude  from  observa- 
tions made  when  the  body  is  near  the  meridian,  with  practically  the  same 
precision  as  at  the  moment  of  meridian  passage.     It  would  take  us  a  little 


1  On  account  of  the  8un*8  motion  in  declination,  and  the  northwanl  or  south- 
ward motion  of  the  ship  itself,  the  sun's  maximum  altitude  is  usually  attained 
not  precisely  on  the  meridian,  but  a  few  seconds  earlier  or  later.  This  requires  a 
slight  correction  to  the  deduced  latitude,  explained  in  hooks  on  Navigation  or 
Practical  Astronomy. 
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too  far  to  explain  the  method  of  reduction,  which  is  given  with  the  necessary 
tables  in  all  works  on  Practical  Astronomy.  The  g^at  advantage  of  this 
method  is  that  the  observer  is  not  restricted  to  a  single  observation  at  each 
meridian-passage  of  the  sun  or  of  the  selected  star,  but  can  utilize  the  half- 
hours  preceding  and  following  that  moment.  The  meridian-circle  cannot 
•be  used,  as  the  instrument  must  be  such  as  to  make  extrarmeridian 
observations  possible.  Usually  the  sextant  or  universal  instrument  is 
employed.  This  method  is  much  used  in  the  French  and  German  geodetic 
surveys. 


105.  Fourth  :  Tlie  Zenith  Telescope  Method,  —  (Sometimes  known  as 
the  American  method,  because  first  practically  introduced  by  Captain  Talcott  of  the 
United  iStates  Enpneers,  in  a  boundary  survey  in  1845.) 

The  essential  eharactori«tic  of  the  method  is  the  microraetric  meas- 
urement of  the  difference  between  the 
nearly  equal  zenith  distances  of  two  stars 
which  culminate  within  a  few  minutes 
of  each  other,  one  nortli  and  the  other 
south  of  the  zenith,  and  not  very  far 
from  it :  such  pairs  of  stars  can  always 
!)e  found.  When  the  method  was  first 
introduced,  a  special  instrument,  known 
ns  the  zenith  telescope,  was  generally 
employed,  but  at  present  a  simple  transit 
instrument,  with  declination  micrometer, 
and  a  delicate  level  attached  to  the  tele- 
scope tube,  is  ordinarily  used. 

The  telescope  is  set  at  the  proper  alti- 
tude for  the  star  which  first  comes  to  the 
meridian,  and  the  "  latitude  level,"  as  it  is 
called,  is  set  horizontal ;  as  the  star  passes 
through  the  field  of  view  its  distance 
north  or  south  of  the  central  wire  is  measured  bv  tlie  micrometer. 
The  instrument  is  then  reversed,  and  so  set  by  turning  the  telescope 
up  or  down  {fcithouf^  hoicecer^  diaturbing  the  aucfle  0  (Fig.  38)  between 
the  level  and  tvlrtfcojfe)^  that  the  level  is  again  horizontal.  Aft^r  this 
reversal  and  adjustment,  the  telescope  tube  is  then  evidently  elevated 
at  exactly  the  same  angle,  f ,  as  before,  but  on  the  opposite  side  of  the 
zenith.  As  the  second  star  passes  through  the  field,  we  measure 
with  the  micrometer  its  distance  north  or  south  of  the  centre  of  the 
fiv\i\ ;  the  comparison  of  the  two  micrometer  measures  gives  the 
diffi'renrc  of  the  two  zenith  distance 


Kio.  38. 
Principle  of  the  Z<'nith  Tcl««oo|)e. 
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From  Fig.  37  we  have 


for  star  soiUh  of  zenith,  <^  =  3,  -f  f , ; 
for  star  north  of  zenith,  <^  =  S„  —  (^. 

Adding  the  two  equations  and  dividing  by  2,  we  have 


* = (H^)  ^  {^) 


The  star  catalogue  gives  us  the  declinations  of  the  two  stars 
(S. +  S»)  ;  and  the  difference  of  the  zenith  distances  ({,—£,)  is  de- 
termined with  great  accuracy  by  the  micrometer  measures. 

The  great  advantage  of  the  method  consists  in  its  dispensing  with  a 
graduated  circle^  and  in  avoiding  almost  wholly  the  errors  due  to  refrac- 
tion: it  virtually  utilizes  the  circles  of  the  fixed  observatories  by  which 
the  star  declinations  have  been  measured,  without  requiring  them  to  be 
brought  into  the  field.  Forty  years  ago  it  was  not  always  easy  to  find 
accurate  determinations  of  the  declinations 
of  the  stars  employed,  but  at  present  the  star  ^ 

catalogues  have  been  so  extended  and  im- 
yjroved  that  this  difficulty  has  practically  disap-  ^< 
peared,  so  that  this  method  of  determining  the 
latitude  is  now  not  only  the  most  convenient 
and  rapid,  but  is  quite  as  precise  as  any,  if  the 
level  is  sufficiently  sensitive.  Evidently  the 
limit  of  accuracy  depends  upon  the  exactness 
Mrith  which  the  level  measures  the  slight,  but 
inevitable,  difference  between  the  inclinations 
of  the  instrument  when  pointed  on  the  two  stars.  ^"^"^^^  ""^  ^^°*"  ^*"'""*  '^"^•''* 

106.  Fifth  :  By  the  Prime  Vertical  Instrument  (p.  43) .  — We  observe 
.simply  the  moment  when  a  known  star  passes  the  prime  vertical  on  the 
ea.stern  side,  and  again  upon  the  western  side.  Half  the  interval  will  give 
the  hour-angle  of  the  star  when  on  the  prime  vertical ;  i.tf.,  the  angle  ZPS 
in  Fig.  39,  where  Z  is  the  zenith,  P  the  pole,  and  SZS'  the  prime  vertical. 
The  distance  PS  of  the  star  from  the  pole  is  the  complement  of  the  8t«ar's 
declination ;  and  PZ  is  the  complement  of  the  observer's  latitude.  Since 
the  prime  vertical  is  perpendicular  to  tlie  meridian  at  the  zenith,  the  tri- 
angle PZS  will  be  right-angled  at  Z,  and  from  Napier's  rule  of  circular 
parts  (taking  ZPS  as  the  middle  part)  we  shall  have 


Fio.  39. 


or 
whence 


cos  ZPS 
cos  t 
tan  ij> 


tan  PZ  cot  PS, 
cot  <f>  tan  8 ; 
tan  8  sec  ^ 
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If  8  nearly  equals  <^,  t  will  be  small,  and  a  considerable  error  in  the  obser- 
vation of  t  will  then  produce  very  little  change  in  its  secant  or  in  the  com- 
puted latitude. 

The  observations  are  not  so  convenient  and  easy  as  in  the  case  of  the 
zenith  telescope,  and  the  number  of  stars  available  is  less ;  but  the  method 
presents  the  great  advantage  of  requiring  nothing  but  an  ordinary  transit 
instrument,  without  any  special  outfit  of  micrometer  and  latitude  level. 
It  also  entirely  evades  the  difficulties  caused  by  refraction. 

107.  Sixth:  By  the  Gnomon. — The  ancients  had  no  instruments 
such  as  we  have  hitherto  described,  and  of  course  could  not  use  any 
of  the  preceding  methods  of  finding  the  latitude.  They  were,  how- 
ever, able  to  make  a  very  respectable  approximation  by  means  of  the 
simplest  of  all  astronomical  instruments,  the  gnomon.  This  is  merely 
a  vertical  shaft  or  column  of  known  height  erected  on  a  perfectly 

horizontal  plane ;    and    the 
Z  observation  consists  in  not- 

ing the  length  of  the  shadow 
cast  at  noon  at  certain  times 
of  the  year. 

Suppose,  for  instance,  that 
on  the  day  of  the  summer 
solstice^  at  noon,  the  length 
of  the  shadow  is  AC^  Fig.  40. 
The  height  AB  being  given, 
we  can  easily  compute  in 
the  right-angled  triangle  the 
angle  ABC<,  which  equals 
/SBZ,  the  sun's  zenith  dis- 
tance when  farthest  north.  Again  observe  the  length  AD  of  the 
shadow  at  noon  of  the  shortest  day  in  winter^  and  compute  the  angle 
ABD,  which  is  the  sun's  corresponding  zenith  distance  when  farthest 
south.  Now,  since  the  sun  travels  equal  distances  north  and  south 
of  the  celestial  equator,  the  mean  of  the  two  results  will  give  the 
angular  distance  between  the  equator  and  the  zenith;  i.e.,  the  decli- 
nation  of  the  zenith^  which  (p.  18)  is  the  latitude  of  the  place. 

Tlie  method  is  an  independent  one,  like  that  by  the  observation  of  cir- 
cumpolar  stars,  requiring  no  data  except  those  which  the  observer  determines 
for  himself.  Evidently,  however,  it  does  not  admit  of  much  accuracy,  since 
the  penumbra  at  the  end  of  the  shadow  makes  it  impossible  to  measure  its 
length  very  precisely. 

It  should  be  noted  that  the  ancients,  instead  of  designating  the  x)osition 


Fio.  40.  —  Latitude  by  the  Onomon. 
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of  a  place  by  means  of  its  latitude,  used  its  climate  instead;  the  climate 
( from  jcAi/ia)  being  the  slope  of  the  plane  of  the  celestial  equator,  the  angle 
AEB,  which  is  the  complement  of  the  latitude. 

It  is  supposed,  indeed  known,  that  many  of  the  Egyptian  obelisks  were 
erected  primarily  to  serve  as  gnomons,  and  were  used  for  that  purpose. 

108.  Possible  Variations  of  the  Latitude. —It  is  an  interesting  ques- 
tion whether  the  position  of  tlie  earth's  axis  is  Jixed  with  reference  to  its 

mass  and  surface.  Theoretically  it  is  hardly  possible  that  it  should  be, 
because  any  change  in  the  arrangement  of  the  matter  of  the  earth,  by 
denudation,  subsidence,  or  elevation,  would  almost  necessarily  disturb  it. 
If  so  disturbed,  the  latitudes  of  places  toward  which  the  pole  approached 
would  be  increased,  and  those  on  the  opposite  side  would  be  decreased.  At 
present  we  can  only  say  that  if  such  disturbance  has  occurred,  it  must  have 
been  extremely  slight  for  the  last  200  years,  not  exceeding  40  or  50  feet  at 
most;  but  there  are  suspicions  of  a  minute  and  progressive  change  of  the 
latitude  of  some  of  the  observatories  (notably  Pulkowa),  which  have  drawn 
attention  to  the  matter,  and  the  subject  is  under  investigation. 

TIME   AND   ITS   DETERMINATION. 

109.  Que  of  the  most  important  problems  presented  to  the  astron- 
omer is  the  determination  of  Time.  By  universal  consent  the  appar- 
ent rotation  of  the  heavens  is  made  to  furnish  the  standard,  and  the 
determination  of  time  is  effected  by  ascertaining  by  observation  the 
hour-angle  of  the  object  selected  to  mark  the  beginning  of  the  day  by 
its  transit  across  the  meridian.  In  practice,  three  kinds  of  time  are 
now  recognized,  viz.,  sidereal  time,  apparent  solar  time,  and  mean 
solar  time. 

110.  Sidereal  Time.  — As  has  already  been  explained  (p.  17),  the 
sidereal  time  at  any  moment  is  the  hour-angle  of  the  vernal  equinox  at 
that  moment;  or,  what  comes  to  the  same  thing,  though  it  sounds  dif- 
ferently, it  is  (he  time  ^narked  by  a  clock  which  is  so  set  and  adjusted 
as  to  shoiv  noon,  or  0^  00"  00%  at  each  transit  of  the  vernal  equinox. 
Tlie  sidereal  day,  thus  defined,  is  the  time  inter\'ening  between  two 
successive  transits  of  the  same  star;  at  least,  it  is  so  within  the 
hundredth  part  of  a  second,  though  on  account  of  the  precession  of 
the  equinoxes  (and  the  proper  motions  of  the  stars)  the  agreement  is 
not  absolute,  the  difference  amounting  to  about  one  day  in  twenty- 
six  thousand  years. 

111 .  Apparent  Solar  Time.  — Just  as  sidereal  time  is  the  hour-angle 
of  the  vernal  equinox,  so  at  any  moment  the  apparent  solar  time  is 
the  hour-angle  of  the  sun.     It  is  the  time  shown  by  tlie  sun-dialj  and 
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its  noon  is  when  tlie  sun  crosses  the  meridian.  On  account  of  the 
annual  eastward  motion  of  the  sun  among  the  stars  (due  to  the 
earth's  orbital  motion),  this  day  is  about  four  minutes  longer  than 
the  sidereal ;  and  m'oreover,  because  the  sun's  motion  in  right  ascen- 
sion is  not  uniform,  the  apparent  solar  days  are  not  all  of  the  same 
length,  nor,  consequently,  its  hours,  minutes,  or  seconds.  December 
2«3d  is  fifty-one  seconds  longer  from  (apparent)  noon  to  noon  than 
Sept.  16th.  For  this  reason,  apparent  solar  time  is  not  satisfactory 
for  scientific  use,  and  has  long  been  discarded  in  favor  of  mean 
solar  time.  Until  within  about  a  hundred  years,  however,  it  was  the 
only  kind  of  time  commonly  employed,  and  its  use  in  the  city  of  Paris 
was  not  discontinued  until  the  year  1816. 

112.  3fean  Solar  Time.  — A  ''''fictitious  sun  "  is  therefore  imagined, 
which  moves  uniformly  and  in  the  celestial  equator^  completing  its 
annual  course  in  exactly  the  same  time  as  that  in  which  the  actual  sun 
makes  the  circuit  of  the  ecliptic.  It  is  mean  noon  when  this  ^^  ficti- 
tious sun  "  crosses  the  meridian,  and  at  any  moment  tlie  hour-angle 
of  tliis  *'*' fictitious  sun  "  is  the  mean  time  for  that  moment. 

Sidereal  time  will  not  «answer  for  business  pur^wses,  because  its  noon  (the 
transit  of  the  vernal  equinox)  occurs  at  all  hours  of  night  and  daylight  in 
different  seasons  of  the  year.  Apparent  solar  time  is  scientificaUy  unsatis- 
factory, because  of  the  variation  in  the  length  of  its  days  and  hours.  And 
yet  we  have  to  live  by  the  sun ;  its  rising  and  setting,  daylight  and  night, 
control  our  actions.  In  mean  solar  time  we  find  a  satisfactory  compromise, 
an  invariable  time  unit,  and  still  an  agreement  with  sun-dial  time  close  enough 
for  convenience.  It  is  the  time  now  used  for  all  purposes  except  in  certain 
astronomical  work.  The  difference  between  apparent  time  and  mean  time, 
never  amomiting  to  more  than  about  a  quarter  of  an  hour,  is  called  the  equa- 
tion of  time,  and  will  be  discussed  hereafter  in  connection  with  the  earth's 
orbital  motion,  Chap.  VI. 

The  nautical  almanac  furnishes  data  by  means  of  which  the  sidereal 
time  may  be  deduced  from  the  corresponding  solar,  or  vice  versa,  by 
a  very  brief  and  simple  calculation. 

113.  In  practice  the  problem  of  determining  the  time  always  takes 
the  form  of  ascertaining  the  error  of  a  time-piece ;  that  is,  the  amount 
by  which  a  clock  or  watch  is  fast  or  slow  of  the  time  it  ought  to  show. 
The  methods  most  in  use  by  astronomers  are  the  following :  — 

First.  By  means  of  the  transit  instrument.  Since  the  right  ascen- 
sion of  a  star  is  the  sidereal  time  of  its  passage  across  the  meridian 
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(p.  17),  it  is  obvious  that  the  difference  between  the  right  ascen- 
sion of  a  known  star  and  the  time  shown  by  a  sidereal  clock  at 
the  instant  when  the  star  crosses  the  middle  wire  of  an  accurately 
adjusted  transit  instrument,  is  the  error  of  the  clock  at  that  moment. 
Practically,  it  is  usual  to  observe  a  number  of  stars  (from  eight  to 
ten),  reversing  the  instrument  once  at  least,  so  as  to  eliminate  the 
collimation  error  (pp.  40-41).  With  a  good  instrument  a  skilled 
observer  can  determine  this  clock  error  or  "  correction"  within  about 
one-thirtieth  of  a  second  of  time,  provided  proper  means  are  taken 
to  ascertain  and  allow  for  his  ^*  personal  equation." 

114.  Perfional  EqucUioji.  —  It  is  found  that  every  observer  has  his 
own  peculiarities  of  time  observation  with  a  transit,  and  his  ^^ personal 
equation "  is  the  amount  to  be  added  (algebraically)  to  the  time 
observed  by  him,  in  order  to  get  the  actual  moment  of  transit  as  it 
would  be  recorded  by  some  supposable  arrangement,  which  should 
automatically  register  the  moment  when  the  star's  image  was  bisected 
by  the  wire. 

This  personal  equation  differs  for  different  observers,  but  is  reasonably 
(though  never  strictly)  constant  for  one  who  has  had  much  practice.  In  the 
case  of  observations  with  the  chronograph,  it  is  usually  less  than  ±  0*.2.  It 
can  be  determined  by  an  apparatius  m  which  an  artificial  star,  resembling 
the  real  stars  as  much  as  possible  in  appearance,  is  made  to  traverse  the  field 
of  view  and  to  telegraph  its  arrival  at  certain  wires,  while  the  observer  notes 
the  moments  for  himself. 

One  of  the  most  important  problems  of  practical  astronomy  now  awaiting 
solution  is  the  contrivance  of  some  practical  method  of  time  observation 
free  from  this  annoying  human  element,  the  personal  equation,  which  is 
always  more  or  less  uncertain  and  variable. 

If  mean  time  is  wanted,  it  can  be  deduced  from  the  sidereal  time 
by  the  data  of  the  almanac. 

The  sun  can  also  be  observed  instead  of  the  stars,  the  moment  of 
the  sun's  transit  being  that  of  apparent  noon ;  but  this  observation, 
for  many  reasons,  is  far  less  accurate  and  satisfactory  than  observa- 
tions of  the  stars. 

115.  Second.  TTie  method  of  equal  altitudes,  —  If  we  observe  with 
a  sextant  in  the  forenoon  the  time  shown  by  the  chronometer  when  the 
sun  attains  the  height  indicated  by  a  certain  reading  of  the  sextant,  and 
then  in  the  afternoon,  the  time  when  the  sun  again  reaches  the  same 
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altitude,  the  moment  of  apparent  noon  will  be  half-way  between  the 
two  observed  times ;  provided,  of  course,  that  the  chronometer  runs 
uniformly  during  the  interval,  and  also  provided  that  proper  correc- 
tion is  made  for  the  sun's  slight  motion  in  declination  —  a  correction 
easily  computed. 

The  advantage  of  this  method  is  that  the  errors  of  graduation  of 
the  sextant  have  no  effect,  nor  is  it  necessary  for  the  observer  to 
know  his  latitude  except  approximately. 

Per  contra^  there  is,  of  course,  danger  that  the  afternoon  observa- 
tions may  be  interfered  with  by  clouds ;  and,  moreover,  both  obser- 
vations must  be  made  at  the  same  place. 

A  modification  of  this  method  is  now  coming  into  extensive  use, 
in  which  two  different  stars  of  known  light  ascension  and  of  nearly 
the  same  declination  are  used,  at  equal  altitudes  east  and  west  of  the 
meridian. 

116.  Third.  By  a  single  altitude  of  the  sun^  the  observer's  latitude 
being  knoitm.  — This  is  the  method  usual  at  sea.  The  altitude  of  the  sun 
having  been  measured  with  the  sextant,  and  the  corresponding  time 
shown  by  the  chronometer  having  been  accurately  noted,  we  compute 

the  hour-angle  of  the  sun,  P, 
from  the  triangle  ZFS  (Fig. 
41),  and  this  hour-angle  cor- 
rected for  the  equation  of 
time,  gives  the  true  mean 
time  at  the  observed  moment. 
The  difference  between  this 
-J^r  and  that  shown  by  the  chro- 
nometer is  the  error  of  the 
chronometer.  In  the  triangle 
ZPS  all  three  of  the  sides  are  given,  viz.:  PZ/is  the  complement 
of  the  latitude  <^,  which  is  supposed  to  be  known  ;  PS  is  the  com- 
plement of  the  declination  S,  which  is  found  in  the  almanac,  as  is 
also  the  equation  of  time  ;  while  ZS  or  f ,  is  the  complement  of  the 
sun's  altitude,  as  measured  by  the  sextant,  and  corrected  for  semi- 
diameter,  refraction,  and  parallax.     The  formula  is 


Flu.  41. —  Deteriuiualiou  of  Time  by  a  Single  Altitude. 


sin  i  P  = 
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In  order  to  accuracy,  it  is  desirable  that  the  sun  should  be  on  the 
prime  vertical,  or  as  near  it  as  practicable.     It  should  not  be  near  the 
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meridian.  Any  slight  error  in  the  assumed  latitude  produces  do 
sensible  efifect  upon  the  result,  if  the  sun  is  exactly  east  or  west  at 
the  time  the  observation  is  taken.  The  disadvantage  of  the  method 
is  that  anj  error  of  graduation  of  the  sextant  enters  into  the  result 
with  its  full  effect. 

In  some  cases  a  person  is  so  situated  that  it  is  necessary  to  determine  his 
time  roughly,  without  instruments ;  and  this  can  be  done  within  about  a 
half  a  minute  by  establishing  a  noou-mark,  which  is  nothing  but  a  line 
drawn  exactly  north  and  south,  with  a  plumb-line,  or  some  vertical  edge,  like 
the  edge  of  a  door-frame  or  window-sash,  at  its  southern  extremity.  The 
shadow  will  then  always  fall  upon  the  meridian  line  at  apparent  noon. 

117.  The  Civil  and  Afltronomical  Day.  —  The  astronomical  day  be- 
gins at  mean  noon.  The  civil  day  begins  at  midnight,  twelve  hours 
earlier.  Astronomical  mean  time  is  reckoned  round  through  the  whole 
twenty-four  hours,  instead  of  being  counted  in  two  series  of  twelve 
hours  each.  Thus,  10  a.m.  of  Wednesday,  May  2,  civil  recJcofiifujy  is 
Tuesday,  May  1,  22^,  by  agronomical  reckoning.  Beginners  need  to 
bear  this  in  mind  in  using  the  almanac. 

LONGITUDE. 

118.  Having  now  methods  of  obtaining  the  true  local  time,  we  can 
attack  the  problem  of  longitude,  which  is  perhaps  the  most  imi)ortant 
of  all  the  economic  problems  of  astronomy*.  The  great  observatories 
at  Greenwich  and  at  Paris  were  established  simply  for  the  purpose 
of  furnishing  the  observations  which  could  be  made  the  basis  of  the 
accurate  determination  of  longitude  at  sea. 

The  longitude  of  a  place  on  the  earth  is  the  angle  at  the  pole  between 
the  meridian  of  Greenwich  and  the  meridian  passing  through  the  ob- 
server'' s  place;  or  it  is  the  arc  of  the  equator  intercepted  between 
these  meridians ;  or,  what  comes  to  the  same  thing,  since  this  arc  is 
measured  by  the  time  required  for  the  earth  to  turn  sutiiciently  to 
bring  the  second  meridian  into  the  same  position  held  by  the  first,  it  is 
simply  the  difference  of  their  local  times, — the  amount  by  which  the  noon 
at  Greenwich  is  earlier  or  later  than  at  the  observer's  place.  It  is  now 
usually  reckoned  in  hours,  minutes,  and  seconds,  instead  of  degrees. 

Since  it  is  easy  for  the  observer  to  find  his  own  local  time  by  the 
methods  which  have  been  given,  the  knot  of  the  prol)lcm  is  really 
this  :  being  at  any  place ^  to  find  the  corresponding  local  time  at  Green- 
wich withont  going  there. 
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The  methods  of  finding  the  longitude  may  be  classed  under  three 

different  heads : 

First,  By  means  of  signals  simultaneously  observable  at  tlie  places 

between  which  the  difference  of  longitude  is  to  be  found. 

Second,  By  making  use  of  the  moon  as  a  clock-hand  in  the  sk\\ 
Third,  By  purely  mechanical  means,  such  as  chronometers  and  the 

telegraph. 

119.  Under  the  first  head  we  may  make  use  of 

[A]  A  Lunar  Eclipse.  —  When  the  moon  enters  the  shadow  of  the 
earth,  the  phenomenon  is  seen  at  the  same  moment,  no  matter  where 
the  observer  may  be.  By  noting,  therefore,  his  own  local  time  at  the 
moment,  and  afterwards  comparing  it  with  the  time  at  which  the  phe- 
nomenon was  observed  at  Greenwich,  he  will  obtain  his  longitude 
from  Greenwich.  Unfortunately,  the  edge  of  the  earth's  shadow  is 
so  indistinct  that  the  progress  of  events  is  very  gradual,  so  that 
sharp  observations  are  impossible. 

[B]  Edipses  of  the  satellites  of  Jupiter  may  be  used  in  the  same 
way,  with  the  advantage  that  they  occur  very  frequently, — almost  every 
night,  in  fact ;  but  the  objection  to  them  is  the  same  as  to  the  lunar 
eclipses,  —  they  are  not  sudden. 

[G]  The  ajypearance  and  disappearance  of  meteors  may  be  and  has 
been  used  to  determine  the  difference  of  longitude  between  places 
not  more  than  two  or  three  hundred  miles  apart,  and  gives  very  accu- 
rate results.     (Now  superseded  by  the  telegraph.) 

[D]  Artificial  signals^  such  as  flashes  of  p)owder  and  rockets,  can 
be  used  between  two  stations  not  too  far  distant.  Early  in  the  cen- 
turv  the  difference  of  lono;itude  between  the  Black  Sea  and  the  Atlan- 
tic  was  determined  by  means  of  a  chain  of  signal  stations  on  thv 
mountain  tops  ;  so  also,  later,  the  difference  of  longitude  between  the 
eastern  and  western  extremities  of  the  nortiiern  boundary  of  Mexico. 
This  method  is  now  superseded  by  the  telegraph. 

120.  Second,  the  moon  regarded  as  a  clock. 

Since  the  moon  revolves  around  the  earth  once  a  month,  it  is,  of 
coui*se,  continually  changing  its  place  among  the  stars ;  and  as  the 
laws  of  its  motion  are  now  well  known,  and  as  the  place  which 
it  will  occupy  is  predicted  for  every  hour  of  every  Greenwich  day 
three  years  in  advance  in  the  nautical  almanac,  it  is  possible  to 
deduce  the  corresponding  Greenwich  time  by  any  observation  which 
will  determine  the  place  of  the  moon  among  the  stars.     The  almanac 
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place,  however,  is  the  place  at  which  the  moon  would  be  Been  by  an 
observer  at  the  centre  of  the  earthy  and  consequently  the  actual  ob- 
servations are  in  most  cases  complicated   with  very  disagreeajj^le 
reductions  for  parallax  before  the}'  can  be  made  available. 
The  simplest  lunar  method  is, 

[A]  That  of  Moon  Culminations.  —  We  merely  observe  with  a 
transit  instrument  the  time  when  the  moon's  bright  limb  crosses  the 
meridian  of  the  place ;  and  immediately  after  the  moon  we  observe 
one  or  more  stars  with  the  same  instrument,  to  give  us  the  error 
of  our  clock.  As  the  moon  is  observed  on  the  meridian,  its  paral- 
lax does  not  affect  its  right  ascension,  and  accordingly,  b}*  a  simple 
reference  to  the  almanac,  we  can  ascertain  the  Greenwich  time  at 
which  the  moon  had  the  particular  right  ascension  determined  by 
the  observation.  The  method  has  been  very  extensively  used,  and 
would  be  an  admirable  one  were  it  not  for  the  effects  of  personal 
equation. 

It  seldom  happens  that  the  personal  equation  of  an  observer  is  the  same 
for  such  an  object  as  the  limb  of  the  moon  as  it  is  for  a  star ;  and  since  the 
inoon*8  motion  among  the  stars  is  very  slow,  the  effect  of  such  a  difference 
is  multiplied  by  about  30  (roughly  the  number  of  days  in  a  month)  in  its 
effect  upon  the  longitude  deduced. 

[B]  Lunar- Distances,  —  At  sea  it  is,  of  course,  impossible  to 
observe  the  moon  with  a  transit  instrument,  but  we  can  observe  its 
distance  from  the  stars  near  its  path  by  means  of  a  sextant.  The 
distance  observed  will  not  be  the  same  that  it  would  he  if  the 
observer  were  at  the  centre  of  the  earth,  but  by  a  mathematical 
process  called  ^  ^  clearing  a  lunar "  the  distance  as  seen  from  the 
centre  of  the  earth  can  be  easily  deduced,  and  compared  with  the 
distance  given  in  the  almanac.  From  this  the  longitude  can  be 
determined.  An}'  error,  however,  in  measuring  a  lunar-distance 
entails  an  error  about  thirty  times  as  great  in  the  resulting  longitude, 
and  the  method  is  at  present  very  little  used,  the  moon  having  been 
superseded  by  the  chronometer  for  such  purposes. 

[C]  Occultations, — Occasionally,  in  its  passage  through  the  sky, 
the  moon  over-runs  a  star,  or  ^^ occults"  it.  The  star  vanishes  instan- 
taneously, and,  of  course,  at  the  moment  of  its  disappearance  the 
distance  from  the  centre  of  the  moon  to  the  star  is  precisely  equal 
to  the  apparent  semi-diameter  of  the  moon  ;  we  thus  have  a  '*  lunar- 
distance  "  self -measured. 

Observations  of  this  kind  furnish  one  of  the  most  accurate  methods 
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of  determining  the  difference  of  longitude  between  widely  separated 
places,  the  only  difficulty  arising  from  the  fact  that  the  edge  of  the 
moon  is  not  smooth,  but  more  or  less  mountainous,  so  that  the  dis- 
tance of  the  star  from  the  moon's  centre  is  not  always  the  same  at 
the  moment  of  its  disappearance. 

[D]  In  the  same  way  a  solar  eclipse  may  be  employed  by  observing 
the  moment  when  the  moon*s  limb  touches  that  of  the  sun. 

It  will  be  noticed  that  these  two  last  methods  (the  methods  of  occultation 
and  solar  eclipse)  do  not  belong  in  the  same  class  with  the  method  of  lunar 
eclipse,  because  the  phenomena  are  not  seen  at  the  same  instant  at  different 
places,  but  the  calculation  of  longitude  depends  upon  the  determination  of 
the  moon's  place  in  the  sky  at  the  given  time,  as  seen  from  the  earth's 
centre. 

There  are  still  other  methods,  depending  upon  measurements  of 
the  moon's  position  by  observations  of  its  altitude  or  azimuth.  In 
all  such  cases,  however,  every  error  of  observation  entails  a  vastly 
greater  error  in  the  final  results.  Lunar  methods  (excepting  occul- 
tations)  are  only  used  when  better  ones  are  unavailable. 

121.  Finally  we  have  what  may  be  called  the  mecJianical  methods 
of  determining  the  longitude. 

[A]  By  the  chronometer;  which  is  simply  an  accurate  watch  that 
has  been  set  to  indicate  Greenwich  time  before  the  ship  leaves  port. 
In  order  to  find  the  longitude  by  the  chronometer,  the  sailor  has  to 
determine  its  ''error"  upon  local  time  by  an  observation  of  the  alti- 
tude of  the  sun  when  near  the  prime  vertical,  as  indicated  on  page  78. 
If  the  chronometer  indicates  true  Greenwich  time,  the  error  deduced 
from  the  observation  will  be  the  longitude.  Usually,  however,  the  indi- 
cation of  the  chronometer  face  requires  correction  for  the  rate  and 
run  of  the  chronometer  since  leaving  port. 

Chronometers  are  only  imperfect  instruments,  and  it  is  important,  there- 
fore, that  several  of  them  should  be  used  to  check  each  other.  It  requires 
three  at  least,  l)ecause  if  only  two  clu-onometers  are  carried  and  they  disagree, 
there  is  nothing  to  indicate  which  one  is  the  delinquent. 

On  very  long  voyages  the  errors  of  chronometers  are  cumulative,  and  the 
error  is  found  to  accumulate,  not  merely  in  proportion  to  the  time,  but  more 
nearly  in  proportion  to  the  square  of  the  time  ;  i.e.,  if  the  error  to  be  feared  in 
the  u.se  of  a  chronometer  in  longitude  determinations  at  the  end  of  a 
week  is  about  two  seconds  of  time,  at  the  end  of  the  month  it  would  be,  not 
eij;ht  seconds,  but  about  thirty-two  seconds. 

If,  therefore,  a  ship  is  to  be  at  sea,  without  making  port,  more  than  three 
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or  four  months  at  a  time,  the  method  l)€corae8  untrustworthy,  and  it  may  be 
necessary  to  recur  to  lunar  distances ;  for  voyages  of  less  than  a  month  the 
method  is  now,  practically,  all  that  could  be  desired. 

[B]  But  the  method  which,  wherever  it  is  applicable,  has  super- 
seded all  others,  is  that  of  Hie  ^Telegraph.  When  we  wish  to  find  the 
longitude  between  two  stations  connecteil  by  telegraph,  the  process 
is  usually  as  follows :  The  observers  at  both  stations,  after  ascer- 
taining that  they  both  have  clear  weather,  proceed  to  determine  their 
own  local  time  by  extensive  series  of  star  observations  with  the 
transit  instrument.  Then,  at  an  agreed-upon  time,  the  observer  at 
Station  A  "switches  his  clock"  into  the  telegraphic  circuit,  so  that 
its  beats  arc  communicated  along  the  line  and  received  upon  the  chron- 
ograph of  the  other,  say  the  western  station.  After  the  eastern  clock 
has  thus  sent  its  signals,  say  for  two  minutes,  it  is  switched  out  of 
the  circuit,  and  the  western  observer  now  switches  his  clock  into  the 
circuit,  and  its  beats  are  received  upon  the  eastern  chronograph.  The 
oi)eration  is  closed  by  another  series  of  star  observations. 

We  have  now  upon  each  chronograph  sheet  an  accurate  comparison 
of  the  two  clocks,  showing  the  amount  b^'  which  the  western  clock  is 
slow  of  the  eastern.  If  the  transmission  of  electric  signals  were 
instantaneous,  the  difference  shown  upon  the  two  chronograph  sheets 
would  agree  precisely.  Pi-actically,  however,  there  will  always  be  a 
small  discrepaucy  amounting  to  twice  the  time  occupied  in  the  trans- 
mission of  the  signals ;  but  the  mean  of  the  two  differences  will  be 
the  tme  difference  of  longitude  of  the  places  after  the  proper  correc- 
tions have  l)een  applied.  Especial  care  must  be  taken  to  determine 
with  accuracy^  or  to  eliminate^  the  personal  equations  of  the  observers. 

It  is  customary  to  make  observations  of  this  kind  on  not  less  than  five 
or  six  evcMiings  in  cases  where  it  is  necessary  to  detennine  the  difference  of 
longitude  with  the  highest  accuracy.  Tlie  astronomical  difference  of  longi- 
tude l>etween  two  places  can  thus  be  telegraphically  detenninetl  within  alH)ut 
the  oTie-hundredth  part  of  a  second  of  time ;  i.e.,  withm  about  ten  feet  or  so, 
in  the  latitude  of  the  United  States. 

It  may  l>e  noted  here  that  the  time  occupied  by  the  transmission  of  elec- 
tric signals  in  longitude  operations  is  not  to  be  taken  as  the  real  measure  of 
"  the  velocity  of  the  electric  fluid  '*  upon  the  wires,  as  was  once  supposed. 
The  time  apparently  consumed  in  the  transmission  is  simply  the  time  re- 
quired for  the  current  at  the  receiving  station  (which  current  probably 
heijins  at  the  very  instant  the  key  is  touched  at  the  other  end  of  the  line)  to 
l>ecoine  strong  enough  to  do  its  work  in  making  tlie  signal;  and  this  time 
i1i*1k»ik1s  uj>ou  a  multitude  of  circumstances. 
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122.  Local  and  Standard  Time. — In  connection  with  time  and 
longitude  determinations,  a  few  words  on  this  subject  will  be  in  place.  Un- 
til recently  it  has  always  been  customary  to  use  only  local  time,  each  observer 
determining  his  own  time  by  his  own  observations.  Before  the  days  of  the 
telegraph,  and  while  travel  was  comparatively  slow  and  infrequent,  this  was 
best ;  but  the  telegraph  and  railway  have  made  such  changes  that,  for  many 
reasons,  it  is  better  to  give  up  the  old  system  of  local  times  in  favor  of  a 
system  of  standard  time.  It  facilitates  all  railway  and  telegraphic  busi- 
ness in  a  remarkable  degree,  and  makes  it  practically  easy  for  every  one  to 
keep  accurate  time,  since  it  can  be  daily  wired  from  some  observatory  to 
every  telegraph  office. 

According  to  the  system  that  is  now  established  in  this  coimtry,  there  are 
five  such  standard  times  in  use,  —  the  colonial,  the  eastern,  the  central,  the 
mountain,  and  the  Pacific,  —  which  differ  from  Greenwich  time  by  exactly 
four,  five,  six,  seven,  and  eight  hours  respectively,  the  minutes  and  seconds  being 
identical  everywhere.  At  most  places  only  one  of  these  times  is  employed ; 
but  in  cities  where  different  systems  join  each  other,  there  are  two  standard 
times  in  use,  differing  from  each  other  by  exactly  one  hour,  and  from  the 
local  time  by  about  half  an  hour.  In  some  such  places  the  local  time  also 
maintains  its  place. 

In  order  to  determine  the  standard  time  by  observation,  it  is  only  nec- 
essary to  determine  the  local  time  by  one  of  the  methods  given,  and  correct 
it  according  to  the  observer's  longitude  from  Greenwich. 

123.  Where  the  Day  Begins.  —  If  we  imagine  a  traveller  starting 
from  Greenwich  on  Monday  noon,  and  journeying  westward  as  swiftly  as  the 
earth  turns  to  the  east  imder  his  feet,  he  would,  of  course,  keep  the  sun  exactly 
on  the  meridian  all  day  long,  and  have  continual  noon.  But  what  noon  ? 
It  was  ^londay  when  he  started,  and  when  he  gets  back  to  London,  twenty- 
four  hours  later,  it  is  Tuesday  noon  there,  and  there  has  been  no  intervening 
sunset.  When  does  Monday  noon  become  Tuesday  noon?  The  conven- 
tion is  that  the  change  of  date  occurs  at  the  ISOth  meridian  from  Greenwich. 
Shij>s  crossing  this  line  from  the  east  skip  one  day  in  so  doing.  If  it  is 
Monday  forenoon  when  the  ship  reaches  the  line,  it  becomes  Tuesday  fore- 
noon the  moment  it  passes  it,  the  intei-vening  twenty-four  hours  being 
dropped  from  the  reckoning  on  the  log-book.  Vice  versa ^  when  a  vessel 
crosses  the  line  from  the  western  side^  it  counts  the  same  day  twice,  passing 
from  Tuesday  forenoon  back  to  Monday,  and  having  to  do  its  Tuesday  over 
again. 

This  180th  meridian  passes  mainly  over  the  ocean,  hardly  touching  land 
anywhere.  There  is  a  little  irregularity  in  the  date  upon  the  different 
islands  near  this  line.  Those  which  received  tlioir  earliest  European  inhabi- 
tants via  the  Cape  of  Good  Hope  have,  for  the  most  part,  the  Asiatic  date, 
belonging  to  the  west  side  of  the  180th  meridian ;  while  those  that  were  ap- 
])roached  via  Cape  Horn  have  the  American  date. 
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When  Alaska  was  transferred  from  Russia  to  the  United  States,  it  was 
necessary  to  drop  one  day  of  the  week  from  the  official  dates. 

THE   PLACE  OF  A  SHIP  AT  SEA. 

124.  The  determinatioD  of  the  place  of  a  ship  at  sea  is  oommcr- 
eially  of  such  importance  that,  at  the  risk  of  a  little  repetition,  we 
collect  together  here  the  different  methods  available  for  its  determi- 
nation. The  methods  employed  are  necessaril}'  such  that  observa- 
tions can  be  made  with  the  sextant  and  chronometer,  the  only 
instruments  available  under  the  circumstances. 

The  Latitade  is  usually  obtained  by  observations  of  the  sun*8 
altitude  at  noon,  according  to  the  method  explained  on  page  72. 

The  Longitade  is  usually  found  by  determining  the  error  upon  local 
time  of  the  chronometer,  which  carries  Greenwich  time.  The  nec- 
essary observations  of  the  sun's  altitude  should  be  made  when  the 
sun  is  near  the  prime  vertical,  as  explained  on  page  78. 

In  the  case  of  long  voyages,  or  when  the  chronometer  has  for  any 
reason  failed,  the  longitude  ma}*  also  be  obtained  by  measuring  a 
lunar-distance  and  comparing  it  with  the  data  of  the  nautical  almanac. 

By  these  methods  separate  observations  are  necessary  for  the  lati- 
tude and  for  the  longitude. 

125.  Sumner's  Method.  —  Recently  a  new  method,  first  proposed 
by  Captain  Sumner,  of  Boston,  in  1843,  has  been  coming  largely  into 
use.  In  this  method,  each  observation  of  the  sun's  altitude,  with  the 
corresiwnding  chronometer  time,  is  made  to  define  the  position  of  the 
ship  upon  a  certain  line,  called  (he  circle  of  position.  Two  such  ob- 
servations will,  of  course,  determine  the  exact  place  of  the  vessel  at 
one  of  the  intersections  of  the  two  circles. 

At  any  moment  the  sun  is  vertically  over  some  point  u|x>n  the 
earth's  surface,  which  may  be  called  the  sub-solar  point.  An  observer 
there  would  have  the  sun  directly  overhead.  Moreover,  if  at  any 
point  on  the  earth  an  observer  measures  the  altitude  of  the  sun  with 
his  sextant,  the  zenith  distance  of  the  sun  (which  is  the  complement 
of  this  altitude)  will  be  his  distance  from  the  sub-solar  point  at  the 
7no7nent  of  observation^  reckoned  in  degrees  of  a  great  circle. 

If,  then,  I  take  a  terrestrial  globe,  and,  oi)ening  the  dividers  so  as 
to  cover  an  arc  equal  to  this  observed  zenith  distance  of  the  sun, 
put  one  foot  of  the  dividers  upou  the  sub-solar  jx>int,  and  sweep  a 
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circle  on  the  surface  of  the  globe  around  that  point,  the  observer 
must  be  somewhere  on  the  circumference  of  that  circle ;  and  moreover, 
if  to  the  observer  the  suu  is  in  the  southwest^  he  himself  must  be  in 
the  opposite  direction  from  this  sub-solar  point;  i.e.,  northeast  of  it. 
In  other  words,  tlie  azimuth  of  the  sun  at  the  time  of  observation 
informs  him  upon  tchcU  part  of  the  circle  he  is  situated. 

Suppose  a  similar  observation  made  at  the  same  place  a  few  hours 
later.  The  sub-solar  point,  and  the  zenith  distance  of  the  sun,  will 
have  changed ;  and  we  shall  obtain  a  new  circle  of  position,  with  its 
centre  at  the  new  sub-solar  point.  The  observer  must  be  at  one  of 
its  two  intersections  with  the  first  circle  —  which  of  the  two  inter- 
sections is  easily  determined  from  the  roughly  observed  azimuth  of 
the  sun. 

If  the  ship  moves  between  the  two  observations,  the  proper  allow- 
ance must  be  made  for  the  motion.  This  is  easily  done  by  shift- 
ing upon  the  chart  that  part  of  the  first  circle  of  |x>sition  where  the 
ship  was  situated,  carrying  the  line  forward  parallel  to  itself,  by  an 
amount  just  equal  to  the  ship's  run  between  the  two  observations, 
as  shown  by  the  log.  The  intersection  with  the  second  circle  then 
gives  the  ship's  place  at  the  time  of  the  second  observation. 

The  only  problem  remaining  is  to  find  the  position  of  the  *'  sub-solar 
point "  at  any  given  moment.  Now,  the  latitude  of  this  point  is  ob- 
viously the  declination  of  the  sun  (which  is  found  in  the  almanac). 
If  the  sun's  declination  is  zero,  the  sun  is  vertically  over  some  point 
upon  the  equator.  If  its  declination  is  +  20°,  it  is  vertically  over 
some  point  on  the  twentieth,  parallel  of  north  latitude,  etc. 

In  the  next  place,  its  longitude  is  equal  to  the  Greenwich  apparent 
solar  time  at  the  moment  of  observation  ;  and  this  is  given  by  the 
chronometer  (which  keeps  Greenwich  mean  solar  time) ,  by  simply  add- 
ing or  subtracting  the  equation  of  time  ;  so  that,  by  looking  in  his 
almanac  and  at  his  chronometer,  the  observer  has  the  position  of  the 
sub-solar  point  immediately  given  him. 

Suppose,  for  example,  that  on  May  20  (the  sun's  declination  being  +  20°), 
at  11  A.M.,  Greenwich  apparent  time  (i.e..  May  10,  23^  by  astronomical  reck- 
oning), according  to  the  chronometer,  the  smi  is  observed  to  have  an  altitude 
of  40°  by  a  ship  in  the  North  Atlantic.  The  sub-solar  point  will  then  be' 
(Fig.  42)  at  a  point  in  Africa  having  a  latitude  of  +  20°,  and  an  east  longi- 
tude of  15° —  at  A  in  the  figure.  And  the  radius  of  the  "  circle  of  position," 
i.e.y  the  distance  from  A  to  C  —  will  be  .50°. 

Again,  a  second  observation  is  made  three  hours  later,  when  the  sun's 
altitude  is  found  to  be  65°.    The  sub-solar  point  will  then  be  at  B,  latitude 
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20°,  longitude  S0'>  W.,  and  the  radius  of  the  circle  of  position  BC  will  be 
25°,  C  being  the  ship's  place. 

Of  course  it  would  be  impracticable  to  carry  on  a  vessel  a  terreRtrial 
globe  large  enough  for  the  accurate  working  out  of  the  grapliical  operation 
indicated,  but  tables  are  provided,  by  which  the  necessary  portions  of  the 
position  circle  can  be  easily  drawn  upou  the  ordinary  charts. 


126.  The  peculiar  advantage  of  the  method  is,  that  a  single  obser- 
vation is  used  for  all  it  is  worth,  giving  wxuratehj  the  jKtsition  of  a  line 
ii[K»n  which  the  ship  is  somewhere  situated,  and  ujiprturimalel;/  (by  the 
rough  observation  of  the  aiin's  azimuth)  the  part  of  that  line  u]k>ii 
which  its  place  will  be  found.  In  approaching  the  American  coast, 
for  instance,  if  an  observation  be  taken  in  the  forenoon  whcu  the 
Bub-Bolnr  point  is  over  the  continent  of  Africa,  the  ship's  position 
circle  will  lie  nearly  parallel  to  the  coast,  and  then  a  single  observa- 
tion will  give  approximately  the  distance  of  the  ship  from  land,  which 
may  be  all  the  sailor  wishes  to  know.  The  observations  need  not  be 
taken  at  any  particular  time.  We  are  not  limittKl  to  obecrvntions  at 
noon,  or  to  the  lime  when  the  sun  is  on  the  prime  vertical.  It  is  tu 
be  noted,  however,  thai  everythimj  ile/ieiida  ii/ion  the  c/ironomeler,  as 
much  as  in  the  ordinary  chronometric  determination  of  longitude. 

127.  Beteimiutioa  of  Aximnth.  —  A  problem,  imt)ortant,  though 
not  so  often  ciieountered  as  tint  of  latitude  and  longitude  determina- 
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tions,  is  that  of  determining  tJie  dzimuth,  or  true  hearing,  of  a  line  upon 
the  earth*s  surface.  The  process  is  this:  With  a  theodolite  having 
an  accurately  graduated  horizontal  circle  the  observer  points  alter- 
nately upon  the  pole  star  and  upon  a  dis- 
tant signal  erected  for  the  purpose ;  the 
signal  being  an  artificial  star  consisting  of 
a  small  hole  in  a  plate  of  metal,  with  a 
buirs-eye  lantern  or  other  light  behind  it. 
It  is  desirable  that  it  should  be  at  least 
a  mile  away  from  the  observer,  so  that 
any  small  displacement  of  the  instrument 
will  be  harmless.  The  theodolite  must 
be  carefully  adjusted  for  collimation,  and 

^ .  especial  pains  must  be  taken  to  have  the 

Fio.43.-Dete™ina?o^f  Azimuth,  axis  of  the  tclcscopc  perfectly  level. 

The  next  morning  by  daylight  the  ob- 
server measures  the  angle  or  angles  between  the  night-signal  and  the 
objects  whose  azimuth  is  required. 

If  the  pole  star  were  exactl}'  at  the  pole,  the  mere  difference 
between  the  two  readings  of  the  circle,  obtained  when  the  telescope 
is  pointed  on  the  star  and  on  the  signal,  would  directly  give  the 
azimuth  of  the  signal.  As  this  is  not  the  case,  however,  the  time 
at  which  each  observation  of  the  pole  star  is  made  must  be  noted, 
and  the  azimuth  of  the  star  must  be  computed  for  that  moment. 
This  can  easily  be  done,  as  the  right  ascension  and  declination  of 
this  star  are  given  in  the  almanac  for  every  day  of  the  year. 


Recurring  to  the  Z.P.S.  [zenith-pole^tar]  triangle,  N  (Fig.  43)  being  the. 
north  point  of  the  horizon,  P  the  pole,  and  NZ  the  meridian,  we  at  once 
see  that  the  side  PS  is  the  complement  of  the  star's  declination ;  the  side 
PZ  is  the  complement  of  the  observer's  latitude  (which  must  be  known) ; 
and  the  angle  at  P  is  the  difference  between  the  right  ascension  of  the  pole 
star  and  the  sidereal  time  of  the  observation ;  [(^  — a)  if  tlie  star  is  west  of 
the  meridian  at  the  time,  and  (a  — ^)  if  it  is  east.]  This  will  come  out  in 
hours,  of  course,  and  must  be  reduced  to  degrees  before  making  the  com- 
putation. We  thus  have  two  sides  of  the  triangle,  viz.,  PS  and  PZ,  with 
the  included  angle  at  P,  from  which  to  compute  the  angle  Z  at  the  zenith. 
This  is  the  star's  azimuth. 

The  pole  star  is  used  because,  being  so  near  the  pole,  any  slight  error  in 
the  assumed  latitude  of  the  place  or  in  the  sidereal  time  of  the  observation 
will  hardly  produce  any  effect  upon  the  result,  especially  if  the  star  bo 
caught  between  five  and  six  hours  before  or  after  its  upper  culmination,  at 
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a  time  when  it  changes  its  azimuth  very  slowly  (near  S^  or  S"  in  the  figure). 
The  sun,  or  any  other  heavenly  body  whose  position  is  given  in  the  almanac, 
can  also  be  used  as  a  reference  point  in  the  same  way,  provided  sufficient 
pains  is  taken  to  secure  an  accurate  observation  of  the  time  at  the  instant 
when  the  pointing  is  made.  The  altitude  should  not  exceed  thirty  degrees 
or  so.  But  the  results  are  usually  rough  compared  with  those  obtained  by 
means  of  the  pole  star. 

DETERMINATION  OF  THE  POSITION  OF  A  HEAVENLY  BODY. 

128.  The  position  of  a  heavenly  body  is  defined  by  its  right 
ascension  and  declination.    These  quantities  may  be  determined  — 

( 1 )  By  the  meridian  circle,  provided  the  body  is  bright  enough  to 
be  seen  by  the  instrument  and  comes  to  the  meridian  in  the  night- 
time. If  the  instrument  is  in  exact  adjustment,  the  sidereal  time 
when  the  object  crosses  the  middle  wire  of  the  reticle  of  the  instrument  is 
directly  (according  to  page  17)  the  right  ascension  of  the  object. 

The  reading  of  the  circle  of  the  instrument,  corrected  for  refraction 
and  parallax  if  necessary,  gives  the  polar  distance  of  the  object,  if 
the  polar  point  of  the  circle  has  been  determined  (p.  46)  ;  or  it  gives 
the  zenith  distance  of  the  object  if  the  nadir  point  has  been  deter- 
mined (p.  47).  In  either  case  the  declination  can  be  immediately 
deduced,  being  the  complement  of  the  polar  distance,  and  equal  to 
the  latitude  of  the  observer,  minus  the  distance  of  the  star  south  of 
the  zenith.  One  complete  observation,  then,  with  the  meridian  circle, 
determines  both  the  right  ascension  and  declination  of  the  object. 

If  a  body  (a  comet,  for  instance)  is  too  faint  to  be  observed  by 
the  telescope  of  the  meridian  circle,  which  is  seldom  very  powerful, 
or  if  it  does  not  come  to  the  meridian  during  the  night,  we  usually 
accomplish  our  object  — 

129.  (2)  By  the  Equatorial,  determining  the  position  of  the  body 
by  measuring  the  difference  of  right  ascension  and  declination  be- 
tween it  and  some  neighboring  star,  whose  place  is  given  in  a  star 
catalogue,  and  of  course  has  been  determined  by  the  meridian  circle 
of  some  observatorv. 

In  measuring  this  difference  of  right  ascension  and  declination,  we  usually 
employ  a  filar  micrometer  fitted  like  the  reticle  of  a  meridian  circle.  It  car- 
ri«*s  a  number  of  win's  wliicli  li«*  north  and  sontli  in  the  fit'Ul  of  view,  and 
these  are  crosMod  at  right  angles  by  one  or  nioiv  wires  which  can  Ix*  moved 
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by  the  micrometer  screw.  The  difference  of  right  ascension  between  the  star 
and  the  object  to  be  determined  is  measured  by  simply  observing  with  the 
chronograph  the  transits  of  the  two  objects  across  tlie  north  and  south 
wires;  the  difference  of  declination ,  by  bisecting  each  object  with  one  of  the 
micrometer  wires  as  it  crosses  the  middle  of  the  field  of  view.  The  ob- 
served difference  must  be  corrected  for  refraction  and  for  the  motion  of 
the  body,  if  it  is  appreciable. 

Other  less  complicated  micrometers  are  also  in  use.  One  of  them,  called 
the  ring  micrometer^  consists  merely  of  an  opaque  ring  sup^wrted  in  the  field 
of  view  either  by  being  cemented  to  a  glass  plate  or  by  slender  arms  of 
metal.  The  observations  are  made  by  noting  the  transits  of  the  comparison 
star  and  of  the  object  to  be  determined  across  the  outer  and  inner  edges  of 
the  ring.  If  the  radius  of  the  ring  is  known  in  seconds  of  arc,  we  can 
from  these  observations  deduce  the  differences  both  of  right  ascension  and 
declination.  The  results  are  less  accurate  than  those  given  by  the  wire 
micrometer,  but  the  ring  micrometer  has  the  advantage  that  it  can  be  used 
with  any  telescope,  whether  equatorially  mounted  or  not,  and  requires  no 
adjustment. 

There  are  also  many  other  methods  of  effecting  the  same  object. 

130-1 .    To  Compute  the  Time  of  Sunrise  or  Sunset.  —  To  solve  this 

problem,  it  is  only  necessary  to  work  out  the  Z.P.S.  triangle  and  find  the  hour- 
angle  P,  having  given  precisely  the  same  data  as  in  finding  the  tune  by  a 
single  altitude  of  the  sun  (p.  78).  PZ  is  the  observer's  co-latitude,  PS  is  the 
complement  of  the  sun*s  declination  (given  by  the  almanac);  and  the  true 
distance  from  the  zenith  to  the  centre  of  the  sun  at  the  moment  when  its 
upper  edge  is  at  the  horizon  is  90°  50',  which  is  made  up  of  90°,+  16'  (the 
mean  semi-diameter  of  the  sun),  plus  34'  (the  mean  refraction  at  the  horizon). 
The  resulting  hour-angle  P,  corrected  for  the  equation  of  time,  gives  the  mean 
time  {local)  at  which  the  sun*s  upjwr  limb  touches  the  horizon,  under  the 
average  circumstances  of  temperature  and  barometric  pressure.  If  it  is  very 
cold,  with  the  barometer  standing  high,  sunrise  will  be  accelerated,  or  sunset 
retarded,  by  a  considerable  fraction  of  a  minute.  If  the  sun  rises  or  sets 
over  the  sea-horizon,  and  the  observer*s  eye  is  at  any  considerable  elevation 
above  the  sea-level,  the  dip  of  the  horizon  must  also  be  added  to  the  90°  50' 
before  making  the  computation. 

Tlie  beginning  and  end  of  twilight  may  be  computed  in  the  same  way 
by  merely  substituting  108°  for  90°  50'. 
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CHAPTER  V, 

THE  EARTH   AS   AN   ASTRONOMICAL  BODY. 

Approximate  Dimensions  —  Proofs  of  its  Rotation — Accurate 
Determination  of  its  Form  and  Size  by  Geodetic  Operations 
AND  Pendulum  Observations — Astronomical,  Geodetic  and  Geo- 
centric Latitude  —  Determination  of  the  Earth's  Mass  and 
Density. 

132.  Having  discussed  the  methods  of  making  astronomical  ob- 
servations, we  are  now  prepared  to  consider  the  earth  in  its  astro- 
nomical relations ;  f .€.,  those  facts  relating  to  the  earth  which  are 
ascertained  by  astronomical  methods,  and  are  similar  to  the  facts 
which  we  shall  have  to  consider  in  the  case  of  the  other  planets. 
The  facts  are  broadly  these :  — 

1.  The  earth  is  a  great  ball^  aboxU  7956  miles  in  diameter. 

2.  It  rotates  on  its  axis  once  in  twenty-four  sidereal  hours. 

3.  It  is  flattened  at  the  poles^  the  polar  diameter  being  about 
twenty-six  miles,  or  one  two  hundred  and  ninety-fifth  part  less  than 
the  equatorial. 

4.  It  has  a  mean  density  of  about  five  and  six-tenths  times  that  of 
water^  and  a  mass  represented  in  totis  by  six  tcith  twenty-one  ciphers 
after  it  (or  six  sextillions  of  tons,  according  to  the  French  numeration) , 

5.  It  is  fiying  through  space  in  its  orbital  motion  around  the  sun^ 
with  a  velocity  of  about  nineteen  miles  a  second;  i.e.,  about  seventy- 
five  times  as  swiftly  as  any  cannon-ball. 

I. 

133.  The  Earth's  Approximate  Form  and  Siie. — It  is  not  necessary 
to  dwell  upon  the  ordinary  proofs  of  its  globularity.  We  merely  men- 
tion them.  1.  It  can  be  circumnavigated.  2.  The  appearance  of 
vessels  coming  in  from  sea  indicates  that  the  surface  is  everywhere 
convex.  3.  The  fact  that  the  sea-horizon,  as  seen  from  an  emi- 
nence, is  everywhere  depressed  to  the  same  extent  below  the  level 
line,  shows  that  the  surface  is  approximately  spherical.  4.  The  fact 
that  as  one  goes  from  the  equator  toward  the  north,  the  elevation  of 
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liie  pok  iocrcsases  pruyat^ooMnj  to  the  (^sluice  frooi  tbe  eqnmkir, 
pfores  tiie  fiuoe  XioDg.  5.  Tlie  diadfjv  of  the  eartii^  as  seem  upom 
the  ui/xm  at  tke  tame  of  a  bmar  ed^pm.  is  thai  vck4<k  otdy  a  spitere 
eoml/J  cajt. 

We  mjj  Mid  as  to  the  smoothness  and  globulantT  of  the  earth, 
that  if  the  earth  be  represented  by  an  l^inch  ^obe«  the  difference 
between  the  polar  and  equatorial  diameter  would  only  be  about  one- 
sixteenth  of  an  inch,  the  highest  moontains  npon  the  earth^'s  surface 
would  be  represented  bj  aboat  one-eightieth  of  an  inch,  and  the  aver- 
age elevation  of  the  continents  would  be  hanflj  greater  than  that  of 
a  film  of  ramish.  The  earth  \s  leallv  relaUvelv  smoother  and 
rounder  than  most  of  the  baUs  in  a  bowlin^-alleT. 


134.     Ad  a^^iproxima<«  measure  of  the  diameter  is  easah- obtained.    Erect 

upoo  a  lerel  plaiD  three 

^     — ^_- r»  rods  in  line,  a  ndle  apart, 

and  cat  off  th^  tops  at 
the  same  level,  caref nlhr 
dt-termined  with  a  sor- 
vcTor's  leTclling  instru- 
ment. It  will  then  be 
f  oond  that  the  line  A  C 
Fig.  14,  joining  the  ex- 
treifiities  of  the  two  terminal  rod.^  passes  aix>ut  eight  inches  below  £.  the 
top  of  the  luiddl*?  ro^l. 

Supj«f/s€  the  circle  ABC  completed,  and  tliai  E  is  the  point  on  the  cir- 
cumference oi*i>o*ite  B.  ^}  that  BE  erjuals  the  diameter  of  the  earth  (=  2  R\, 

By  geometr> ,     BU  :  BA  =  BA  :  EE, 


Fl6.  44.  .-Comtorr  of  the  Eartb'ft  Sarf»ee. 


wl>euoe 


BE ,  or  /»  = . 

BD  'J  BIJ 


Xow  BA  Ls  one  mile,  and  BD  =  ?  of  a  UfA,  or  -^^  ,  of  a  mile. 

1* 
Hence  2Ji=    — ,  or  7ri*20  mile* :  a  xfry  (slit  approximation. 

On  aocoont  of  refraction,  however,  the  resnlt  cannot  be  made  exact  by 
any  care  in  observation.  ITie  line  of  sight,  ^  C,  is  not  rtrictly  straight,  but 
curves  slightly  towards  the  earth,  and  differently  as  the  weather  chanties. 

135.  The  best  method  of  ascertaining  the  size  of  the  earth  —  in 
fact  the  only  one  of  real  value  —  is  by  measuring  arcs  of  the  meridian 
in  order  to  ascertain  the  nvmfj^r  of  miles  or  kilometres  in  one  degree^ 
from  which   we  immediately  get  the  circamference  of   the   earth. 


SIZE   OP   THE   KARTH    UEGAKDED   AS    A   SPHERE.  03 

This  measure  involves  two  distinct  operations.  One  —  the  measure 
of  the  number  of  miles  —  is  purely  geodetic;  the  other  —  the  deter- 
mination of  the  number  of  degrees,  minutes,  and  seconds  between 
the  two  stations  —  is  purely  astronomical. 

We  have  to  find  by  astronomical  observation  the  angle  between  two 
radii  drawn  from  the  centre  of  the  earth  to  the  two  stations  (regarding 
the  earth  as  spherical)  ;  or,  what  is  the  same  thing,  the  angular  dis- 
tance in  the  sky  between  their  respective  zeniths.  The  two  stations  being 
on  the  same  meridian,  all  that  is  necessary  is  to  measure  their  latitudes 
by  any  of  the  methods  which  have  been  given  in  Chapter  lY.  and  take 
the  difference.  This  will  be  the  angle  wanted.  If,  for  instance,  the 
distance  between  the  two  stations  was  found  by  measurement  to  be 
120  miles,  and  the  difference  of  latitude  was  found  by  astronomical 
observations  to  be  \°  43'. 7,  we  should  get  69.43  miles  for  one  degree. 
Three  hundred  and  sixty  times  this  would  be  the  circumference  of 
the  earth,  a  little  less  than  25,000  miles,  and  the  diameter  would 
be  found  by  dividing  this  by  ir,  which  would  give  7956  miles. 

136.  Eratosthenes  of  Alexandria  seems  to  have  understood  the  matter 
as  early  as  250  d.c.  His  two  stations  were  Alexandria  and  Syene  in  Upper 
Egypt.  At  Syene  he  observed  that  at  noon  of  the  longest  day  m  summer 
there  was  no  shadow  at  the  bottom  of  a  well,  the  sun  being  then  vertically 
overhead.  On  the  other  hand,  the  gnomon  at  Alexandria,  on  the  same  day, 
by  the  length  of  the  shadow,  gave  him  3^  of  a  circumference,  or  7°  12'  as  the 
distance  of  the  sun  from  the  zenith  at  that  place,  which,  therefore,  is  the 
difference  of  latitude  between  Alexandria  and  Syene. 

The  weak  place  in  his  work  was  in  the  measurement  of  the  distance  be- 
tween the  two  places.  He  states  it  as  5000  stadia,  thus  making  the  circmn- 
ference  of  the  earth  250,000  stadia;  but  we  do  not  know  the  length  of  his 
stadium,  nor  does  he  give  any  account  of  the  means  by  which  he  measured 
the  distance,  if  he  measured  it  at  all.  There  seem  to  have  been  as  many 
different  stadia  among  the  ancient  nations  as  there  were  kinds  of  "  feet "  hi 
Europe  at  the  W^iiming  of  this  century. 

The  first  really  valuable  measure  of  the  arc  of  a  ineruliaii  was  iliat  niiule 
hv  Picard  in  Northern  France  in  1671  —  the  measure  which  served  Newton  so 
well  in  his  verification  of  the  idea  of  gravitation. 

II. 

137.  The  Rotation  of  the  Earth.  —  At  the  time  of  Copernicus  the 
only  argument  in  favor  of  tiie  earth's  rotation*  was  that  the  liy[)oth- 


*  The  word  rotnte  denotes  a  8|>innin^  motion  like  that  of  a  wheel  on  its  axis. 
The  word  revolve  is  more  general  in  its  application,  and  may  be  applied  eitlier  to 
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esis  was  more  probable  than  tliat  the  heavens  themselves  revolved. 
All  phenomena  then  known  would  be  sensibly  the  same  on  either 
supposition.  A  little  later,  analogy  could  be  adduced,  for  when  the 
telescope  was  invented,  we  could  see  that  the  sun,  moon,  and  planets 
are  all  rotating  globes. 

At  present  we  are  able  to  adduce  experimental  proofs  which  abso- 
hitely  demonstrate  the  earth's  rotation,  and  some  of  them  even  make 
it  visible. 

138.  1 .  The  Eastward  Deviation  of  Bodies  falling  from  a  Great 
Hciilht. — The  idea  that  such  a  deviation  ought  to  occur  was  first 
huggested  by  Newton.     Evidently,  since  the  top  of  a  tower,  situated 

anywhere  but  at  the  pole  of  the  earth,  describes  every 
day  a  larger  circle  than  its  base,  it  must  move  faster. 
A  body  which  is  dropped  from  the  top,  retaining  its  ex- 
cess of  eastward  motion  as  it  descends,  must  therefore 
strike  to  tlie  east  of  the  point  which  is  vertically  under 
its  starting-point,  provided  it  is  not  deflected  in  its  fall 
by  the  resistance  of  the  air  or  by  air-currents.  Fig.  45 
illustrates  the  principle.  A  body  starting  from  A^  the 
top  of  the  tower,  reaches  the  earth  at  D  {BD  be- 
ing equal  very  approximately  to  AA'),  while  during 
its  fall  the  bottom  of  the  tower  has  only  moved  from 
Fio.  4o.  B  to  B\  The  experiments  are  delicate,  since  the  devi- 
E.iMtward  Devia-  ation  is  vcry  small,  and  it  is  not  easy  to  avoid   the 

']Zj. ""  ^**""*^  ®^^^^  ^^  aur-currents.     It  is  also  extremely  difficult  to 
get  balls  so  perfectly  spherical  that  they  will  not  sheer 
otf  to  one  side  or  the  other  in  falling. 

The  best  experiments  of  this  kind  so  far  have  been  those  of  Benzenberg, 
|>erformed  at  Hamburg  in  1802,  and  those  of  Reich,  performed  in  1831,  in 
an  abandoned  mine  shaft  near  Freiberg,  in  Saxony.  The  latter  obtained  a 
free  fall  of  520  feet,  and  from  the  mean  of  160  trials,  the  eastern  deviation 
observed  was  1.12  inches,  while  theory  would  make  it  1.08.  The  experiment 
also  gave  a  southern  deviation  of  0.17  of  an  inch,  unexplained  by  theory. 
It  seems  to  indicate  the  probable  error  of  observation.  The  balls  in  falling 
sometimes  deviated  two  or  three  mches  one  side  or  the  other  from  the 
average. 


describe  such  a  spinning  motion,  or  (and  this  is  the  more  usual  use  in  astronomy) 
to  descril>e  the  motion  of  one  body  around  another,  as  that  of  the  earth  around 
the  sun. 
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The  formula  given   by  Worms  in  his  treatise  on  "  The  Earth  and  its 
Mechanism/'  is 


ST  ' 


where  x  is  the  deviation,  /  is  the  number  of  seconds  occupied  in  falling,  T 
the  number  of  seconds  in  a  sidereal  day,  //  the  height  fallen  through,  and 
A  the  difference  between  H  and  the  height  through  which  a  body  would  fall 
in  /  seconds  if  there  were  no  resistance  (so  that  A=  J  ^f^—  //).  Finally,  ^  is 
the  latitude  of  the  place  of  observation.  In  latitude  45°  a  fall  of  576  feet 
should  give,  neglecting  the  resistance  of  the  air,  a  deviation  of  1.47  inches. 
The  resistance  would  increase  it  a  little. 

It  will  be  noted  that  at  the  pole^  where  the  cosine  of  the  latitude  equals 
zero,  the  experiment  fails.    The  largest  deviation  is  obtained  at  the  equator. 


139.  2.  FoucaxiWs  Pendulum  Experiment. — In  1851  Foucault, 
that  most  ingenious  of  French 
physicists,  devised  and  first  exe- 
cuted an  experiment  which  actually 
shows  the  earth's  rotation  to  the 
eye.  From  the  dome  of  the  Pan- 
theon in  Paris  he  suspended  a  heavy 
iron  ball  about  a  foot  in  diameter 
by  a  wire  more  than  200  feet  long 
(Fig.  46).  A  circular  rail  some 
twelve  feet  across,  with  a  little 
ridge  of  sand  built  upon  it,  was 
placed  under  the  pendulum  in  such 
a  way  that  a  pin  attached  to  the 
swinging  ball  would  just  scrape 
the  sand  and  leave  a  mark  at  each 
vibration.  The  ball  was  drawn 
aside  by  a  cotton  cord  and  allowed 
to  come  absolutely  to  rest;  then 
the  cord  was  burned,  and  the  pen- 
dulum   set    to    swinging    in   a  true     Pio.  M.— Foaeaalt*sreodalnnEzpeiinient. 

plane ;    but  this  plane   seemed    to 

deviate  slowly  towards  the  riglU^  cutting  the  sand  in  a  new  place  at 
each  swing  and  shifting  at  a  rate  which  would  carry  it  completely 
around  in  about  thirty-two  hours  if  the  pendulum  did  not  first  come 
to  rest.  In  fact,  the  floor  of  the  Pantheon  was  seen  turning  under 
the   plane   of   the   pendnlam's  vibration.     The   experiment   created 
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great  eDthasiasm  at  the  time,  and  has  since  been  very  freqaentlj 
performed,  and  always  with  substantially  the  same  results. 

140.  The  approximate  theory  of  the  experiment  is  very  simple. 
Sueli  a  [)endulum,  consisting  of  a  round  ball  hung  by  a  round  wire  or 
else  suspended  on  a  point,  so  as  to  be  equaUy  free  to  swing  in  any  plane 
(unlike  the  common  clock  pendulum  in  this  freedom),  being  set  up 
at  the  pole  of  the  earth,  would  appear  to  shift  around  in  twenty-four 
flours.  Really,  the  plane  of  vibration  remains  invariable  and  the 
earth  turns  under  it,  the  plane  of  vibration  in  this  case  being  un- 
aflfected  by  the  motion  of  the  earth.  This  can  be  easily  shown 
by  setting  up  a  similar  apparatus,  consisting  of  a  ball  hung  by  a 
ttiread,  upon  a  table,  and  then  turning  the  table  around  with  as  little 
jar  as  jKjsHible.  The  plane  of  the  swing  will  remain  unchanged  by 
the  inoti<>n  cjf  the  taMc. 

It  in  easy  to  see,  further,  that  at  the  equator  there  would  be  no  such 
tendency  to  shift.     In  any  other  latitude  the  effect  will  be  intermedi- 
af/c,  and  the  time  required  for  the  pendulum  to  complete  the  revolu- 
P  tion   of    its   plane  will  be   twenty-four  hours 

/  (lirnhd  by  the  sine  of  the  latitude.     The  north- 

ern ('(Uje  of  the  floor  of  a  room  (in  the  northern 
///    '  iicinisphere)    is   nearer  the  axis  of  the  earth 

'"^^-'^^         tlian  its  southern  edge,  and  therefore  is  car- 

<V^  /  /  *'V  ^  ^^^^>\    ''^'^^  more  slowly  eastward  by  the  earth's  rota- 
^^^*"~*~"^  \  lion.     Hence  it  must  skeio  around  continually, 

like  a  postage  stamp  gummed  upon  a  whirling 
^^lolie  anywhere  except  at  the  globe's  equator. 
l  lie  soutiicrn  extremity  of  every  north  and 
south  line  on  the  floor  continually  works  to- 
ward  the  east  faster  than  the  northeni  ex- 
treniity,  causing  the  line  itself  to  shift  its  direc- 

Kxplanution  i)f  the  Foucauli     ,.  "  ,.       ,  i       .^i      ,,         ■,. 

iv.Miuiu...  KxiKrinunt.       ^^^^  accorduiglv,  Compared  with  the  dn-ection 

it  had  a  few  minutes  before.     A  free  pendu 
luni,  set  at  flrst  (o  swing  along  such  a  line,  must  therefore  apparently 
deviate  continually  at  the  same  rate  in  the  opposite  direction.     In 
the  iKtrthern  hemisphere  its  plane  moves  dextrorsum;  i.e.,  with  the 
hands  of  a  watch  :  in  the  southern^  its  motion  is  sinistrorsum. 

141.  Suppose  a  parallel  of  latitude  drawn  through  the  place  in  question, 
and  a  stTies  of  tangent  lines  drawn  toward  the  north  at  i>oint8  an  inch  or  so 
apart  on  this  ]»arallel.  All  these  tangents  would  meet  at  some  point,  V,  Fig. 
47.  which  is  on  the  earth's  axis  ])rodured  ;  and  taken  together  these  tangent^ 
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would  form  a  cone  with  its  point  at  V.  Now  if  we  suppose  this  cone  cut 
down  upon  one  side  and  opened  up  (technically,  ''developed  "),  it  would  give 
us  a  sector  of  a  circle,  as  in  Fig.  48,  and  the  angle  of  the  sector  would  be  the 
sum  total  of  the  angles  between  all  the  adjacent 
meridians  tangent  to  the  earth  on  that  parallel. 
Now  it  is  easy  to  prove  that  the  angle  of  this  sec- 
tor   equals    360°  X  sin  ^(^   being    the    latitude). 

(1)  The  circumference  of  the  parallel  AB  (Fig. 
47  )  =  2  »  X  i2  cos  <py  since  R  X  cos  <p  =  ADy  which  is 
the  radius  of  the  parallel,  R  being  A  C,  the  radius 
of  the  globe,  and  the  angle  A  CD  equal  to  90°—  <f>. 

(2)  The  side  ^4  K  of  the  cone  (which  will  be  the 
radius  of  the  sector  when  the  cone  is  developed) 
=  R  cot  <p ;  so  that  the  circumference  of  the  circle 
which  has  VA  for  its  radius  would  be  2  r  X  i2  cot  <p. 

Hence  (A  BA' being  the  circumference  of  the 
parallel  forming  the  edge  of  the  developed  sector  ABA' V  in  Fig.  48),  the 
angle  of  the  sector  AVA'   (greater  than   180°  in   the  figure) :  300^  =  arc 
A  BA ' :  whole  circumference  A  BA  'm ;  or  angle  V :  300°  =  if  cos  f :  i2  cot  f ; 


Fio.  48.  —  Developed  Cone. 


whence 


V  =  mo^  ^^^  =  360°  sin  ^. 

COtf 


V  is  the  total  angle  described  by  the  plane  of  the  pendulum  in  a  day. 

At  the  pole  the  cone  produced  by  the  tangent  lines  l)ecomes  a  little 
"  button,"  a  complete  circle.  At  the  equator  it  l)ecomes  a  cylinder^  and  the 
angle  is  zero. 

In  order  to  make  the  experiment  successfully,  many  precautions  must  be 
taken.  It  is  specially  important  that  the  pendulum  should  vibrate  in  a  true 
[>lane,  without  any  lateral  motion.  To  secure  this  end,  it  must  be  carefully 
guarded  against  all  jarring  motion  and  air-currents.  To  diminish  the  effect 
of  all  such  disturbances,  which  will  always  occur  to  a  certain  extent,  the 
pendulum  should  be  very  heavy  and  very  long,  and  of  course  the  siLspended 
ball  must  be  truly  round  and  smooth.  Ordinary  clock-work  cannot  be  used 
to  keep  the  pendulum  in  vibration,  since  it  must  be  free  to  swing  in  every 
plane.  Usually,  the  apparatus  once  started  is  left  to  itself  until  the  vibra- 
tions cease  of  their  own  accord;  but  Foucault  contrived  a  most  ingenious 
electrical  apparatus,  which  we  have  not  space  to  describe,  by  means  of  which 
the  vibration  could  be  kept  up  for  days  at  a  time  without  producing  any 
Imrtful  disturbance  whatever. 

It  will  be  noticed  that  this  experiment  is  most  effective  precisely  where 
the  experiment  of  falling  bodies  fails.  This  is  best  near  the  pole,  the  other 
at  the  equator. 


142.     3.   By  the   Gyroscope,  an  exi^eriment  also  due  to  Foucault, 
and  proposed  and  executed  soon  after  tlie  pi-ndulum  experiment. 
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The  instrument  shown  in  Fig.  49  consists  of  a  wheel  so  mounted  in 
gimbals  that  it  is  free  to  turn  in  every  direction,  and  so  delicately 
balanced  that  it  will  stay  in  any  position  if  undisturbed.  If  the 
wheel  be  set  to  rotating  rapidly,  it  will  maintain  the  direction  of  its 
axis  invariable^  wnless  acted  upon  by  extraneous  force.  If,  then, 
we  set  the  axis  horizontal  and  arrange   a  microscope  to  watch   a 

mark  upon  one  of  the  gim- 
bals, it  will  appear  slowly  to 
shift  its  position  as  the  earth 
revolves,  in  the  same  way  as 
the  plane  of  the  pendulum 
behaves. 

143.  4.  There  are  many  other 
phenomena  which  depend  upon 
and  really  demonstrate  the  earth's 
rotation.  We  merely  mention 
them:  — 

a.  The  Deviation  of  Projectiles, 
\\\  the  northern  hemisphere  a 
projectile  always  deviates  towards 
the  right ;  in  the  southern  hemi- 
sphere toward  the  left. 
6.  The  Trade  Winds, 
c.  The  Vorticose  Revolution  of 
the  Wind  in  Cyclones.  In  the 
northern  hemisphere  the  wind  in 
a  cyclone  moves  spirally  towards 
the  centre  of  the  storm,  whirling 
counter  clock-wise,  while  in  the 
southern  the  spiral  motion  is  frith  the  hands  of  a  watch.  The  motion  is 
explained  in  either  case  by  the  fact  that  currents  of  air,  setting  out  for  the 
centre  of  disturbance  where  the  cyclone  is  formed,  deviate  like  projectiles, 
to  the  right  in  the  northern  hemisphere,  and  towards  the  left  in  the  southern 
hemisphere,  so  that  tliey  do  not  meet  squarely  in  the  centre  of  disturbance. 
d.  The  Ordinary  Tmw  of  Wind-change;  that  is,  in  the  northern  hemisphere 
the  north  wind,  under  ordinary  circumstances,  changes  to  a  northeast,  a 
northeast  wind  to  an  east,  east  to  southeast,  etc.  When  the  wind  changes 
in  the  opposite  direction,  it  is  said  to  "  tacit '*  around.  In  the  southern 
itemisphere  it  of  course  usually  backs  aroimd,  much  to  the  disconcertment 
of  the  early  Australian  settlers. 


Fio.  49.  — FoucuuU'8  (fyro»co|K'. 


It  might  seem  at  first  that  the  rotation  of  the  earth,  which  occupies 
twenty-four  hours,  is  not  a  very  rapid  motion.     A  point  on  the  equa- 
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tor,  however,  has  to  move  nearly  one  thousand  miles  an  hour,  which 
is  about  fifteen  hundred  feet  per  second,  and  very  nearly  the  speed 
of  a  cannon-ball. 

144.  Invariability  of  the  Earth's  Botation.  —  It  is  a  question  of 
great  importance  whether  the  day  changes  its  length.  Theoretically  it 
must  almost  necessarily  do  so.  The  friction  of  the  tides,  and  the 
deposits  of  meteoric  matter  upon  the  earth  both,  tend  to  lengthen  it ; 
while  on  the  other  hand,  the  earth's  loss  of  heat  by  radiation  and 
consequent  shrinkage  must  tend  to  shorten  it.  Then  geological 
changes,  the  elevation  and  subsidence  of  continents,  and  the  trans- 
portation of  matter  by  rivers,  act,  some  one  way,  some  the  other.  At 
present  it  can  only  be  said  that  the  change,  if  any  has  occurred  since 
astronomy  became  accurate,  has  been  too  small  to  be  detected.  The 
day  is  certainly  not  longer  or  shorter  by  y^  of  a  second  than  in  the 
days  of  Ptolemy,  and  probably  has  not  changed  by  y^  of  a  second. 
The  criterion  is  found  in  comparing  the  Hmes  at  which  celestial 
phenomena,  such  as  eclipses,  transits  of  Mercury,  etc.,  occur. 

III. 

145.  The  Earth's  Form,  more  accurately  stated,  in  that  of  a 
spheroid  of  revolution,  having  an  equatorial  raditis  o/ 6,377,377  metres, 
and  a  polar  radius  of  6,355,270  metres,  according  to  Listing  (1873); 
or  of  6,378,206.4  and  6,356,583.8  respectively,  according  to  Clarke.^ 
It  must  be  understood,  also,  that  this  statement  is  only  a  second 
approxiviaiion  (the  first  being  that  the  earth  is  a  globe).  Owing 
to  mountains  and  valleys,  etc.,  the  earth's  surface  does  not  strictly 
correspond  to  that  of  any  geometrical  solid  whatever. 

The  flattening  at  the  poles  is  the  necessary  consequence  of  the 
earth's  rotation,  and  might  have  been  cited  in  the  preceding  section 
as  proving  it. 

146.  There  are  two  ways  of  determining  the  form  of  the  earth : 
one,  by  measurement  of  distances  upon  its  surface  in  connection  with 
the  latitudes  and  longitudes  of  the  points  of  observation.  This  gives 
not  onlv  the  form,  but  the  dimensions.  The  other  method  is  bv  the 
observation  of  the  varying  force  of  gravity  at  vanous  points^  —  obser- 
vations which  are  made  by  means  of  a  pendnlnm  apparatus  of  some 
kind,  and  determine  only  the  form ^  but  not  the  size  of  the  earth. 


»  This  \9  Clarke's  spheroid  of  1866,  and  is  adopted  by  thf  United  States  Coast 
and  Geodetic  Survey.     See  Appendix  for  his  spheroid  of  1878. 


100 


THE  EARTH  AS  AN  ASTRONOMICAL  BODY. 


147.  1 .  Measurements  of  Arcs  of  Meridian  in  Different  Latitudes. 
—  To  determine  the  size  of  the  earth  regarded  as  a  sphere,  a  siiigle 
arc  of  meridian  in  any  latitude  is  sufficient.  Assuming,  however, 
that  the  earth  is  not  a  sphere,  but  a  spheroid  with  elliptical  meridians, 
we  must  measure  at  least  tico  such  arcs,  one  of  which  should  be  near 
the  equator,  the  other  near  the  pole. 

The  astronomical  work  consists  simply  in  finding  with  the  greatest 
iwssible  accuracy  the  difference  of  latitude  between  the  terminal  sta- 
tions of  the  meridian  arc.  The  geodetic  work  consists  in  measuring 
their  distance  from  each  other  in  miles,  feet,  or  metres,  and  it  is  this 
part  of  the  work  which  consumes  the  most  time   and  labor.     The 

process  is  generally  that  known  as  triangulation. 

Two  stations  are  selected  for  the  extremities  of  a 
base  line  six  or  seven  miles  long,  and  the  ground 
between  them  is  levelled  as  if  for  a  railroad.  The 
distance  between  these  stations  (A  and  B  in  Fig.  50) 
is  then  carefully  measured  by  an  apparatus  especially 
designed  for  the  purpose  and  with  an  error  not  to 
exceed  half  an  inch  or  so  in  the  whole  distance.  A 
third  station,  1,  is  then  chosen,  so  situated  that  it  will 
be  visible  from  both  A  and  B,  and  all  the  angles  of 
the  triangle  AB  I  are  measured  w^ith  great  care  by  a 
theodolite.  A  fourth  station,  2,  is  then  selected,  such 
\y  tliat  it  will  be  visible  from  A  and  1  (and  if  possible 
5  from  B  also),  and  the  angles  of  the  triangle  A  12  are 

Fig.  60.— a  TriangulaUon.    measured  in  tlie  same  way.  In  this  manner  the  whole 

ground  between  the  two  terminal  stations  is  covered 
with  a  network  of  triangulation,  the  two  terminal  stations  themselves  being 
made  two  of  the  triangulation  points.  Knowing  one  distance  and  all  the 
angles  in  this  system,  it  is  possible  to  compute  with  great  accuracy  the  exact 
length  of  the  line  1  5  and  its  direction. 


The  sides  of  the  triangles  are  usually  from  twenty-five  to  thirty 
miles  in  length,  though  in  a  mountainous  country  not  infrequently 
much  longer  ones  are  available.  Generally  speaking,  the  fewer  the 
stations  necessary  to  connect  the  extremities  of  the  arc,  and  the 
longer  the  lines,  the  greater  will  be  the  ultimate  accuracy.  In  this 
way  it  is  possible  to  measure  distances  of  200  or  300  miles  with  a 
probable  error  not  exceeding  two  or  three  feet. 


^fany  arcs  of  meridians  have  been  measured  in  this  way,  —  not  less  than 
twenty  or  thirty  in  different  parts  of  the  earth,  the  most  extensive  being  Uio 
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so-called  Anglo-French  arc,  extending  more  than  twelve  degrees  in  length ; 
the  Indian  arc,  nearly  eighteen  degrees  long ;  and  the  great  Russo-Scandi- 
navian  arc,  more  than  twenty-five  degrees  in  length,  and  reaching  from 
Hammerfest  to  the  mouth  of  the  Danube.  One  short  arc  has  been  measured 
in  South  America  and  one  in  South  Africa. 

In  a  general  way,  it  appears  that  the  higher  the  latitude  the  longer 
tlie  arc.  Thus,  near  the  equator  the  length  of  a  degree  has  been 
found  to  be  362,800  feet  in  round  numbers,  while  in  northern  Sweden, 
in  latitude  6C°,  it  is  365,800  feet ;  in  other  words,  the  earth's  surface 
is  flatter  near  the  poles.  It  is  necessary  to  travel  3000  feet  f uilher  in 
Sweden  than  in  India  to  increase  the  latitude  one  degree,  as  measured 
by  the  elevation  of  the  celestial  pole. 

148.  The  deduction  of  the  exact  form  of  the  earth  from  such 
measurements  is  an  abstruse  problem.  Owing  to  errors  of  observation 
and  local  deviations  in  the  direction  of  gravity,  the  different  arcs  do 
not  give  strictly  accordant  results,  and  the  best  that  can  be  done  is  to 
find  the  result  ttViicA  most  nearly  satisfies  all  the  observations. 

If  we  assume  tliat  the  form  is  that  of  an  exact  spheroid  of  revolution^ 
with  all  the  meridians  true  ellipses  and  all  exactly  alike,  the  problem 
is  simplified  somewhat,  though  still  too  complicated  for  discussion 
here.  Theory  indicates  that  the  form  of  a  revolving  mass,  fluid 
enough  to  yield  to  the  forces  acting  in  such  a  case,  mighty  and  prob- 
ably ivoidd,  be  such  a  spheroid;  but  other  forms  are  also  theoreti- 
cally possible,  and  some  of  the  measurements  rather  indicate  that 
the  equator  of  the  earth  is  not  a  true  circle,  but  an  oval  flattened  by 
nearly  half  a  mile.  On  the  whole,  however,  astronomers  are  dis- 
posed to  take  the  ground  that  since  no  regular  geometrical  solid 
whatsoever  can  absolutely  represent  the  form  of  the  earth,  we  may  as 
well  assume  a  regular  spheroid  for  the  standard  surface,  and  consider 
all  variations  from  it  as  local  phenomena,  like  hills  and  valleys. 

149.  Each  measurement  of  a  degree  of  latitude  gives  the  ^^  radius  of  cur- 
rature,**  as  it  is  called,  of  the  meridian  at  the  degree  measured.  The  length 
of  a  degree  from  44"^  30'  to  45^  30',  multiplied  by  57.29  (the  number  of  de- 
grees in  a  radian),  gives  the  radius  of  the  ^^ osculatory  circle"  which  would 
just  fit  the  curve  of  the  meridian  at  that  point.  Having  a  table  giving 
the  actual  length  of  each  degree  of  latitude,  we  could  construct  the  earth's 
meridian  graphically  as  follows :  — 

Draw  the  line  ^  A",  Fig.  51.  On  it  lay  off  ^a,  equal  to  the  radius  of  curva- 
ture of  the  first  measured  degree  (that  is,  57.3  times  the  length  of  tlie  degree), 
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and  with  a  as  centre,  describe  an  arc  A  By  making  the  angle  AaB  just  one 

degree.  Next  produce  the  line  Ba  to  b, 
making  Bb  the  radius  of  curvature  of 
the  second  degi'ee,  and  draw  this  second 
degree-ai'c;  and  so  proceed  until  the 
whole  ninety  have  been  di*awn.  This 
will  give  one  quarter  of  the  meridian,  and 
of  course  the  thi'ee  oUier  quarters  are  all 
just  like  it.  a,  6,  c,  etc.,  are  called  the 
"  centres  of  curvature "  of  the  different 
degrees. 

If  we  assume  the  curve  to   be    an 

ellipse,  then  the  equatorial  semidiameter 

Fio.  51.  A  0,  and  the  polar,  PO,  are  given  respec- 

Radllof  Curvature  of  the  Meridian.  tively  by  the   two  formulas,  A0=  y/qp^ 

and  PO  =  V^,  q  and  p  being  the  radii 
of  curvature  (Aa  and  Pe  in  the  figure)  at  the  equator  and  pole. 


160.  The  "  elUpticUy"  or  ^^oblateness  "  of  an  ellipse  is  the  fraction 
found  by  dividing  the  difference  of  the  polar  and  equatorial  diameters 
by  the  equatorial,  and  is  expressed  by  the  equation 


d  = 


A--B 


In  the  case  of  the  earth  this  is  ^i^i  according  to  Clarke's  spheroid, 
of  18G6.  Until  within  the  last  few  years  BesseFs  smaller  value, 
viz.,  yj-g^,  was  generally  adopted.  Listing's  larger  value,  ^\^^  is  now 
preferred  by  some. 

The   elliptkity  of  an   ellipse  must  not  be  confounded  with  its 
eccentricity.     The  latter  is 

e  = : J 


and  is  always  a  much  larger  numerical  quantity  than  the  ellipticity. 
In  the  case  of  the  earth's  meridian,  it  is  ^^  ^  against  yj-^.  Its 
symbol  is  usually  e. 


161.  A  res  of  longitude  are  also  available  for  determining  the  earth's  form 
and  size.  On  a  spherical  earth  a  degree  of  longitude  measured  along  any 
parallel  of  latitude  would  be  equal  to  one  degree  of  the  equator  multiplied  by 
tlip  cosine  of  the  latitude.  On  an  oblate  or  orange-shaped  spheroid  (the  sur- 
face of  which  lies  wholly  within  the  sphere  having  the  same  equator)  the  de- 
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grees  of  longitude  are  evidently  everywhere  shorter  than  on  the  sphere, 
the  difference  being  greatest  at  a  latitude  of  45°. 

In  fact,  arcs  in  any  direction  between  stations  of  which  both  the  IcUitude  and 
longitude  are  known  can  be  utilized  for  the  purpose ;  and  thus  the  extensive 
surveys  that  have  been  made  in  different  countries  have  given  us  a  pretty 
accurate  knowledge  of  the  earth's  dimensions.  It  is  very  desirable  that  in 
some  way  the  chain  of  actual  measurements  should  be  extended  from  the 
eastern  continent  to  the  western,  but  the  immense  difficulties  of  so  doing 
are  obvious. 

At  present  the  distance  from  a  point  on  the  earth's  surface  (say  the  ob- 
servatory at  Washington)  to  any  other  point  in  the  opposite  hemisphere  (say 
the  observatory  at  the  Cape  of  Good  Hope)  is  uncertain  to  perhaps  the 
extent  of  a  quarter  of  a  mile. 

152.     2.  Pendulum  Experiments. — Since 

i  =  ^JI(Phy8ic8,  p.  72),  (/  =  ^^ 

we  can  therefore  measure  the  variations  of  the  force  of  gravity,  gr, 
at  different  parts  of  the  earth,  either  by  taking  a  pendulum  of  in- 
variable length  and  determining  ^  the  time  of  its  vibration ;  or  by 
measuring  the  length,  Z,  of  a  pendulum  which  will  vibrate  seconds. 
Extensive  surveys  of  this  sort  have  been  made,  and  are  still  in  prog- 
ress, and  it  is  found  that  the  force  of  gravity  cU  the  pole  exceeds  that  at 
the  equator  by  about  y^  jmrt.  In  other  words,  a  person  who  weighs 
190  pounds  at  the  equator  {by  a  spring  balance)  would,  if  carried  to 
the  pole,  show  191  pounds  by  the  same  balance. 

The  apparatus  most  used  at  present  for  the  purpose  of  measuring  the 
force  of  gravity  is  a  modification  of  the  so-called  Kater*s  pendulum.  The 
pendulum  itself  usually  consists  of  a  brass  iuhe  about  an  inch  in  diameter 
and  about  four  feet  long,  carrying  a  ball  three  or  four  inches  in  diameter  at 
each  end,  both  balls  being  exactly  of  the  same  size^  but  one  solid  while  the  other 
is  hollow.  Two  knife  edges  are  inserted  through  the  rod  at  right  angles, 
one  near  the  heavy  ball  and  the  other  at  just  the  same  distance  from  the 
lighter  one,  and  the  weights  and  dimensions  of  the  apparatus  are  so  adjusted 
that  the  titne  of  vibration  will  be  very  approximately  the  same  whether  the  pendu- 
lum is  swung  heavy  end  up  or  light  end  up,  and  will  be  not  far  from  one  second. 
The  distance  between  the  knife  edges  will  then,  according  to  the  theory  of 
the  pendulum,  be  very  nearly  equal  to  the  length  of  a  simple  pendulum 
vibrating  in  the  same  time;  and  the  small  difference  can  l>e  accurately  cal- 
culated when  we  know  the  exact  time  of  vibration,  each  end  up.  The 
knife  edges  swing  on  agate  planes  which  are  fastened  upon  a  firm  sup(K>rt; 
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and  great  pains  must  be  taken  to  have  the  support  really  firm.  Professor 
Peirce  of  our  Coast  Survey  a  few  years  ago  detected  important  errors  in  a 
majority  of  the  earlier  pendulum  observations,  due  to  insufficient  care  in 
this  respect. 

153.  The  observations  consist  in  comparing  the  pendulum  ^ith  a  clock, 
either  by  noting  the  "  coincidences j'*  or  by  an  electrical  record  automatically 
made  on  a  chronograph.  A  pin  attached  to  the  end  of  the  pendulum 
touches  a  globule  of  mercury  (which  is  momentarily  raised  for  the  purpose 
once  in  eight  or  ten  minutes),  and  so  records  the  swing  upon  the  chrono- 
graph sheet.  The  observations  need  to  be  carefully  corrected  for  temperature 
(which,  of  course,  affects  the  distance  between  the  knife  edges),  for  the 
length  of  arc  through  which  the  pendulum  is  swinging,  and  for  the  resistance 
of  the  air.  The  observations  determine  the  ^^ force  of  gravity "  (French 
^^pesanteur")  at  the  station.  This  "force  of  gravity,"  however,  thus  deter- 
mined, is  not  simply  the  earth's  attraction^  but  includes  also  the  effects  of  the 
centrifugal  force,  due  to  the  earth's  rotation,  which  we  must  consider  and 
allow  for. 

164.  At  the  equator  the  centrifugal  force  acts  vertically  in  direct 
opposition  to  gravity,  and  is  given  by  the  well-known  formula 

E 

(see  Physics,  p.  62),  in  which  V  is  the  velocity  of  the  earth's  sur- 
face at  the  equator,  and  R  the  earth's  radius.  Since  V  is  equal  to 
the  earth's  circumference  divided  by  the  number  of  seconds  in  a 
sidereal  day,  we  have 

F=2iL«,   ami    C=i4^. 

t  f 

Now  R^  the  radius  of  the  earth,  equals  20,926,000  feet ;  and  t  equals 
86, 1 64  mean-time  seconds.  (7,  therefore,  comes  out  0.0111  feet,  which 
is  ^^  of  ^,  g  being  32^  feet. 

We  may  remark  in  passing  that  if  the  rate  of  rotation  were  seventeen 
times  as  great,  C  would  be  17*'^,  or  289  times  greater  than  now,  and  would 
equal  gravity;  so  that  on  that  supi>osition  bodies  at  the  equator  would  weigh 
absolutely  nothing,  and  any  greater  velocity  of  rotation  would  send  them 
flying. 

At  any  other  latitade,  since  MN=  OQ  cos  MOQ^^  the  centrifugal 


^  This  is  not  exadf  since  MN  in  an  oblate  spheroid  is  less  than  OQ  X  cos 
}JOQ;  but  the  difference  is  unimportant  in  the  case  of  the  earth. 
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force,  c,  equals  Ccos<f>,  acting  at  right  angles  to  the  axis  of  the  earth 
and  parallel  to  the  plane  of  the  equator.  Now,  this  centrifugal 
force  c  is  not  wholly  effective  in  dimin- 
ishing the  weight  of  a  body,  but  only 
that  portion  of  it  {MR  in  Fig.  52)  which 
is  directed  vertically,  c  is  MT  in  the 
figure,  and  MR  is  equal  to  c  multiplied 
by  the  cosine  of  <^,  which  fin  all}'  gives 
usCxcos*<^  for  the  amount  by  which 
the  centrifugal  force  diminishes  gravity 
at  a  station  whose  latitude  is  6. 

_  ,  .  ^  The  Kartii*  Centrifugal  Force. 

Every   observation,    therefore,    of   the 
*'  force  of  gravity,"  obtained  by  the  pendulum,  needs  to  be  increase 
by  the  quantity 

in  order  to  get  the  real  value  of  the  earth's  gravitational  attraction 
at  the  point  of  observation. 

The  other  coinjx)iient  of  c  (viz.  MS)  acts  at  right  angles  to  gravity  and 
parallel  to  the  earth's  surface,  and  is  given  by  the  formula 

Ccos  0 sin  ^  =  i  C sin  2  ^. 

The  direction  of  still  water  is  determined  by  the  resultant  of  the  earth's 
attraction  combined  with  this  deflecting  force  acting  towards  the  eqtiator ; 
so  that  this  surface  is  not  ^Perpendicular  to  a  line  drawn  towards  the  centre 
of  the  earth  anywhere  excepting  at  th^  equator  and  the  poles. 

155.  Having  a  series  of  pendulum  observations,  we  can  then  form 
a  table  showing  the  force  of  gravit}*  at  each  station  ;  and  correcting 
this  by  adding  the  amount  of  the  centrifugal  force  at  each  place,  we 
shall  have  the  force  of  the  earth's  attraction.  This  is  greater  the 
nearer  each  station  is  to  the  centre  of  the  earth ;  but  unfortunately 
llierc  is  no  simple  relation  connecting  the  force  with  the  distance.  The 
attraction  depends  not  only  on  the  distance  from  the  centre  of  the  earth, 
but  also  upon  the  form  of  the  earth  aud  the  constitution  of  its  interior, 
and  the  arrangement  of  its  strata  of  different  density.  We  may  safely 
assume,  however,  that  the  earth  is  made  up  concentrically ^  so  to  speak  ; 
the  strata  of  equal  density  being  arranged  like  the  coats  of  an  onion. 
On  this  hypothesis  Clairaut,  in  1742,  demonstrated  the  relation  given 
below,  which  is  always  referred  to  as  Clairaut's  equation. 
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Let  w  be  the  loss  of  weight  between  the  equator  and  the  pole,  and 
C  the  centrifugal  force  at  the  planet's  equator,  both  being  expressed 
as  fractions  of  the  equatorial  force  of  gravity,  and  let  d  be  the 
ellipticity  of  the  planet. 

Then,  as  Clairaut  proved, 

d-f  w  =  2J  X  C\ 
whence  d=2\C  —w. 

In  the  case  of  the  earth  we  have 

d=2Jx-L- 


289      190' 

which  ffives  d  = . 

^  292.8 

Considering  all  the  data,  the  most  that  can  safely  be  said  as  to  d  is 
that  it  lies  between  the  fractions  -^^  and  ^^.  (Clarke's  later  values 
for  d  are  larger  than  that  adopted  by  the  Coast  Survey.) 

166.    Afltronoinical,  Oeographical,  and  Geocentric  Latitades. — The 

astronomical  latitude  of  a  place  has  been  defined  as  the  elevation  of 
the  jwle^  or,  what  comes  to  the  same  thing,  it  is  the  angle  between  the 
plane  of  the  equator  and  the  direction  of  gravity  at  that  place,  how- 
ever that  direction  may  be  affected  by  local  causes. 

The  geocentric  latitude,  on  the  other  hand,  is  the  angle  made  at 

the  centre  of  the  earth  (as  the  word  implies) 
between  the  plane  of  the  equator  and  a  line 
drawn  from  the  observer  to  the  centre  of 
the  earth,  which  line  of  course  does  not 
coincide  with  the  direction  of  gravity,  since 
the  earth  is  not  spherical. 

Tlie  geographical  or  geodetic  latitude  of 

^y-^ Q    a  station  is  the  angle  formed  with  the  plane 

p,Q  53  of  the   equator  by  a  line  drawn  from  the 

A Btronomicai  and  Geocentric     statiou  perpendicular  to  the  surface  of  the 
Latitude.  Standard  spheroid. 

If  the  earth's  surface  were  strictly  spheroidal^  and  there  were  no  local  varia- 
tions of  gravity,  the  astronomical  latitude  and  the  geogi*aphical  latitude 
would  coincide  —  and  they  never  differ  greatly ;  but  the  geocentric  latitude 
differs  from  them  by  a  veiy  considerable  quantity —  as  much  as  11'  in  lati- 
tude 45°.  The  geocentric  latitude  Is  but  little  used  except  in  certidn  astro- 
nomical calculations  where  parallax  is  involved. 
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In  Fig.  53,  the  angle  MOQ  is  the  geocentric  latitude  of  Af,  while  MNQ  is 
the  geographical  latitude.  It  is  also  the  astronomical  latitude,  unless  there 
is  some  local  disturbance  of  the  direction  of  gravity.  The  angle  OMN, 
which  is  the  difference  between  the  geocentric  and  astronomical  latitudes,  is 
called  "  the  angle  of  the  vertical." 

157.  It  will  be  noticed  that  the  astronomical  latitude  of  a  place  is 
the  only  one  of  these  three  latitudes  which  is  determined  directly  by 
observation.  In  order  to  know  the  geocentric  and  geographical  lati- 
tudes of  a  place,  we  must  know  the  form  and  dimensions  of  the  earth, 
which  are  ascertained  only  by  the  help  of  observations  made  elsewhere. 

The  geocentric  degrees  are  longer  near  the  equator  than  near  the 
poles,  and  it  is  worth  noticing  that  if  we  form  a  table  giving  the  length 
of  each  degree  of  geographical  latitude  from  the  equator  to  the  \xAe, 
the  same  table,  read  backwards^  gives  the  length  of  geocentric  degrees. 

Since  the  earth  is  ellipsoidal  instead  of  spherical,  it  is  evident  that 
lines  of  ''  level "  on  the  earth's  surface  are  affected  by  the  earth's  ro- 
tation. If  this  rotation  were  to  cease,  the  direction  of  gravity  would 
be  so  much  changed  that  the  Gulf  of  Mexico  would  run  up  the  Mis- 
sissippi River,  because  the  distance  from  the  centre  of  the  earth  to 
the  head  of  the  river  is  less  by  some  thousands  of  feet  than  the 
distance  from  the  mouth  of  the  river  to  the  centre  of  the  earth. 

158.  Station  Errors.  —  The  irregularities  in  the  direction  of  gravity 
are  by  no  means  insensible  as  compared  with  the  accuracy  of  modem  astro- 
nomical observation,  and  the  difference  between  the  astronomical  latitude 
and  longitude  of  a  place  and  the  geographical  latitude  and  longitude  of  the 
same  place  constitute  what  is  called  the  "•station  error."  In  the  eastern  part 
of  the  United  States  these  station  errors,  according  to  the  Coast  Survey 
observations,  average  about  1}".  Errors  of  from  4"  to  6"  are  not  uncom- 
mon, and  in  mountainous  countries,  as  for  instance,  in  the  Caucasus  and  in 
Northern  India,  these  errors  occasionally  amount  to  30"  or  40".  They  are 
not  **•  errors  *'  in  the  sense  that  the  astronomical  latitude  of  the  place  has  not 
l>een  determined  correctly,  but  are  merely  the  effects  of  the  irregular  distri- 
bution of  matter  in  the  crust  of  the  earth  in  altering  the  direction  of  gravity. 
Pendulum  observations  show  local  variations  in  the  force  of  gravity  quite 
pniportional  to  the  deviations  which  the  station-errors  show  in  its  direction. 

IV. 

159.  The  Earth's  Mass  and  Density.  — The  ^  mass '  of  a  body  is  the 
f/uantity  of  ynatter  thai  it  contains,  the  unit  of  mass  being  the  quantity 
of  matter  contained  in  a  certain  arbitrary  bodv  which  is  taken  as  a 
standard.     For  instance,  a  '^  kilogram "  is  the  quantity  of  matter 


108       THE  EARTH  AS  AN  ASTRONOMICAL  BODY. 

contained  in  the  block  of  platinum  preserved  at  Paris  as  the  standard 
of  mass.^  A  pound  is  similarly  defined  by  reference  to  the  proto- 
types at  Washington  and  London. 

Two  masses  of  matter  are  defined  as  equal  which  require  the  same 
expenditure  of  energy  to  give  them  the  same  velocity;  or  vice  versa^ 
those  are  equal  which  ^  when  they  have  the  same  velocity^  possess  the 
same  energy^  and^  in  giving  up  their  motion  and  coming  to  rest^  do 
the  same  amount  of  work, 

Masses  can  therefore  be  compared  by  placing  them  in  the  same  field  of 
force  and  comparing  the  energies  developed  in  them  when  they  have  moved  equal 
distances  under  the  action  of  the  force.  This  method,  however,  is  seldom 
convenient. 

160.  Proportionality  of  Mass  to  Weight.  —  Newton  showed  by  his 
experiments  with  pendulums  of  different  substances,  that  at  any 
given  point  the  attraction  of  the  earth  for  a  body  of  any  kind  of 
matter  is  proportional  to  the  mass  of  that  body  ;  the  attraction  being 
measured  as  a  pull  or  "stress"  in  this  case,  and  called  ''Hhe  iveight" 
of  the  body.  In  other  and  more  common  language,  the  m>ass  of  a 
body  is  proportional  to  its  tveigJit  (we  must  not  say  it  is  its  weight), 
provided  the  weighing  of  the  bodies  thus  compared  is  done,  in  cases 
where  scientific  accuracy  is  essential,  at  the  same  place  on  the  earth's 
surface.  Practically,  therefore,  we  usually  measure  the  masses  of 
bodies  by  simply  iceighing  them.  It  is  to  be  carefully  observed,  how- 
ever, that  the  words  ''kilogram,"  "pound,"  "ton,"  etc.,  have  also 
a  secondary  meaning,  as  denoting  units  of  pull  and  push,  —  of 
"stress,"  speaking  strictly  and  technically,  —  or  of  "force,"  as  that 
much  abused  word  is  very  generally  used. 

It  is,  from  a  literary  point  of  view,  just  as  proper  to  speak  of  a  stress  or  a 
pull  of  a  hundred  pounds  ^  as  of  a  mass  of  a  hundred  pounds,  but  the  word 
** pound"  means  an  entirely  different  thing  in  the  two  cases.  At  the  sur- 
face of  the  earth  the  relation  between  the  ideas,  however,  is  so  close  that 
the  way  in  which  the  ambiguity  came  about  is  perfectly  obvious,  and  it  is 
hardly  probable  that  language  will  ever  change  so  as  to  remove  it.  To  a 
certain  extent  it  is  admittedly  unfortunate,  and  the  student  must  always  be 
on  his  guard  against  it.     At  the  earth's  surface  a  mass  of  100  pounds  always 

^  This  was  meant  to  be  just  equal  to  the  mass  contained  in  a  cubic  decimeter 
of  water  at  its  maximum  density,  and  is  so  very  nearly  indeed. 

3  Of  course  the  student  will  remember  that  we  have  a  unit  of  stress,  —  the 
dyne,  —  which  is  wholly  free  from  this  objection  of  ambiguity. 
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"  weighs  "  very  nearly  100  pounds ;  but,  to  anticipate  slightly,  at  an  eleva- 
tion of  4000  miles  above  the  surface,  the  same  mass  would  "  weigh  "  only  25 
ix)und8;  at  the  distance  of  the  moon  about  half  an  ounce;  while  on  the 
surface  of  the  sun  it  would  "  weigh  "  nearly  2800  pounds. 

161.  Gravity.  —  The  law  of  gravitation  discovered  by  Newton  de- 
clares that  any  particle  of  matter  attracts  any  other  particle  with  a  force 
(  "  stress^**  if  the  bodies  are  prevented  from  moving)  proj)ortional 
inversely  to  the  square  of  the  distance  between  them^  and  directly  to  the 
product  of  their  masses;  or,  as  a  formula,  we  may  write, 

in  which  Mi  and  M^  are  the  two  masses,  and  d  the  distance  between 
them,  while  A;  is  a  constant  numerical  factor  depending  upon  the  units 
employed.* 

We  must  not  imagine  the  word  **attr<u:t**  to  mean  too  much.  It  merely 
states  the  fact  that  there  is  a  tendency  for  the  bodies  to  move  toward  each 
other,  without  including  or  implying  any  explanation  of  the  fact.  So  far, 
no  explanation  has  appeared  which  is  less  difficult  to  comprehend  than 
the  fact  itself.  Whether  bodies  are  drawn  together  by  some  outside  action, 
or  pushed  together ;  or  whether  they  themselves  can  act  across  space  with 
mathematical  intelligence,  —  in  what  way  it  is  that  "attraction"  comes 
about,  is  still  unknown,  —  apparently  as  inscrutable  as  the  very  nature  and 
constitution  of  an  atom  of  matter  itself;   tV  is  simply  a  fundamental  fact. 

162.  When  the  distance  between  attracting  bodies  is  large  as  com- 
pared with  their  own  magnitude,  then  reckoning  the  distance  between 
their  centres  of  mass  as  their  true  distance,  the  formula  is  sensibly 
true  for  them  as  it  would  be  for  mere  particles.  When,  however,  the 
distance  is  not  thus  great,  the  calculation  of  the  attraction  becomes  a 
very  serious  problem,  involving  what  is  known  as  a  "  double  integra- 

^  It  will  not  do  to  write  the  formula 

p=^L2<^ 

(omitting  the  k)y  unless  the  units  are  so  chosen  that  the  unit  of  force  shall  be 
equal  to  the  attraction  between  two  masses  each  of  one  unit,  at  a  distance  of  one 
unit.  It  is  not  true  that  the  attraction  between  two  particles,  eacli  having  a 
mass  of  one  pound,  at  a  distance  of  one  foot,  is  equal  to  a  stress  of  one  pound  (of 
force),  as  would  rather  naturally  be  inferred  if  we  should  write  the  equaflon 
without  the  constant  factor. 
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tion/'  We  must  find  the  attraction  of  each  particle  of  the  first  body 
upon  each  particle  of  the  other  body,  and  take  the  sum  of  all  these 
infinitesimal  stresses.  Newton,  however,  showed  that  if  the  bodies  are 
spheres^  eitJier  homogeneous  or  of  concentric  structure,  then  they  attract 
and  are  attracted  precisely  as  if  the  matter  in  them  were  wholly  collected 
at  their  centres.  The  earth,  for  instance,  attracts  a  body  at  its  sur- 
face very  nearly  as  if  it  were  all  collected  at  its  own  centre,  4000 
miles  distant;  not  exactly  so,  because  the  earth  is  not  strictly 
spherical ;  but  in  what  follows  we  shall  neglect  this  slight  inaccuracy. 

163.  In  order,  then,  to  find  the  mass  of  the  earth  in  kilograms, 
pounds,  or  tons,  we  must  find  some  means  of  accurately  comparing  its 
attraction  for  some  object  on  its  own  surface  with  the  attraction  of  the 
same  object  by  some  body  of  known  mass,  at  a  measured  distance. 
The  difficulty  lies  in  the  fact  that  the  attraction  produced  by  any  body, 
not  too  large  to  be  handled  conveniently,  is  so  excessively  small  that 
only  the  most  delicate  operations  serve  to  detect  and  measure  it. 

The  first  successful  attack  upon  the  problem  was  made  in  1774  by 
Maskelyne,  the  Astronomer  Royal,  by  means  of  what  is  now  usually 
referred  to  as,  — 


164.     1.  "The  Mountain  Method,"  because,  in  fact,  the  earth 
in  this  operation  is  weighed  against  a  mountain. 

Two  stations  were  chosen  on  the  same  meridian,  one  north  and  one 
south  of  the  mountain  Schehallien,  in  Scotland.     In  the  first  place,  a 

careful  topographical  survey  was 
made  of  the  whole  region,  giving  the 
precise  distance  between  the  sta- 
tions, as  well  as  the  exact  dimen- 
sions of  the  mountain,  which  is  a 
"  hog-back  "  of  very  regular  contour. 
From  the  known  dimensions  of  the 
earth  and  the  measured  distance, 
the  difference  of  the  geographical  latitudes  of  the  two  places  3f  and  N 
(Fig.  54)  can  be  accurately  computed ;  i.e.,  the  angle  which  the  plumb 
lines  at  M  and  N  would  have  made  if  there  were  no  mountain  there. 
In  this  case  it  was  41".  Tlie  next  operation  was  to  observe  the 
astronomical  latitude  at  each  station.  This  astronomical  difference  of 
latitude,  i.e.,  the  angle  which  the  plumb  lines  actually  do  make,  was 
found  to  be  53",  the  plumb  lines  at  3f  and  N  being  drawn  inward 
out  of  their  normal  position  by  the  attraction  of  the  mountain  to  the 


Fio.  54. 

Tho  Mountain  Method  of  Determining  the 
Earth's  Density. 
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extent  of  6"  on  each  side ;  so  that  the  astronomical  difference  of 
latitude  was  increased  by  12''  over  the  geographical. 

Now,  in  such  a  case  the  ratio  of  gravity  to  the  deflecting  force, 
according  to  the  laws  of  the  composition  of  forces,  is  that  of 
aM  to  aA'  in  the  figure  (Fig.  55),  or  the  ratio  of  1  to  the  tan- 
gent of  the  deflection,  8 ;  that   is,  calling  the  deflecting  force  /,    9 

we  have  2.=  cot  8,  =  cot  6"  hi  thb  case. 
/ 
By  the  law  of  gravitation,  the  earth's  attracting  force  at  its 

surface  is  given  by  the  formula 

where  E  is  the  mass  of  the  earth  (the  unknown  quantity  of  our  problem), 
and  R  its  radius,  4000  miles.  Similarly,  if  C  in  the  figure  is  the  centre  of 
attraction  of  the  mountain,  we  have 

m  lieing  the  mass  of  the  mountain,  and  d  the  distance  from  C  to  the  station. 
Combining  this  with  the  preceding,  we  get 


E 

m 
or,  in  this  case, 


=(>')(!; 


^  =  cotC"/^^' 


m 


"'  o* 


We  thus  get  the  ratio  4>f  the  earth's  mass  to  that  of  the  moun- 
tain; and  provided  we  can  find  the  mass  of  the  mountain  in  tons 
or  any  other  known  unit  of  mass,  the  problem  will  be  completely 
solved.  By  a  careful  geological  survey  of  the  mountain,  with  deep 
borings  into  its  strata,  the  mass  of  the  mountain  was  determined  as 
accurately  as  it  could  be  (though  here  is  the  weakest  point  of  the 
method) ,  and  thus  the  mass  of  the  earth  was  finally  computed. 

Now,  knowing  the  diameter  of  the  earth,  its  volume  in  cubic  feet  is 
easily  found,  and  from  the  volume  and  the  known  number  of  mass- 
pounds,  (62^^  nearly)  in  a  cubic  foot  of  water,  the  weight  the  earth 
would  have,  if  composed  of  water,  follows.  Comparing  this  with  the 
mass  actually  found,  we  get  the  density,  which  in  this  experiment  came 
out  4.71. 

A  rejit'tition  of  the  work  in  1832  at  Arthur's  Seat,  near  Edinburgh, 
gave  5.32. 
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165.  2.  Mach  more  trustworthy  results,  however,  are  obtained  by 
the  method  of  the  torsion  bala>X£,  first  devised  by  MieheU,  bot  first 
employed  by  Cavendish  in  1798.  A  light  rod,  carrying  two  small 
balls  at  its  extremities,  is  suspended  horizoc tally  at  its  centre  by  a 

lonc^  fine  metallic  wire.  If  it  be  al- 
lowed  to  come  to  rest,  and  then  a  very 
slight  deflecting  force  be  applied,  the 
rod  will  be  pulled  out  of  position  by 
an  amount  depending  on  the  stiffness 
and  length  of  the  wire,  as  well  as 
the  force  itself.  When  the  deflecting 
force  is  removed,  the  rod  will  vibrate 
back  and  forth  until  brought  to  rest 
by  the  resistance  of  the  air.  The 
^'torsional  coefficient y"  as  it  is  called 
(i.e.,  the  stress  corresponding  to  a  tor- 
sion of  one  revolution),  can  be  accu- 
rately dctermiued  by  observing  the  time 
of  vibration  when  the  dimensions  and 
weight  of  the  rod  and  balls  are  known. 
If,  now,  two  large  balls  A  and  B  are 
brought  near  the  smaller  ones,  as  in 
Fig.  56,  a  deflection  will  be  produced  by  their  attraction,  and  the 
small  balls  will  move  from  a  and  6  to  a'  and  h'.  By  shifting  the 
large  balls  to  the  other  side  at  A'  and  B',  we  get  an  equal  deflection 
in  the  opposite  direction,  i.e.,  to  a"  and  6",  and  the  difference  be- 
tween the  two  positions  assumed  by  tht  small  balls,  i.e.,  a'a"  and 
b'b'\  will  be  twice  the  deflection. 


//bU% 


Kiu.  60.  —  IMan  uf  the  Torsion  Balance. 


It  is  not  necessary,  nor  even  best,  to  wait  for  the  balls  to  come  to  rest. 
Wo  note  the  extremities  of  their  swing.  The  middle  point  of  the  swing 
gives  the  point  of  rest,  and  the  time  occupied  by  the  swing  is  the  time  of 
vibration;  which  we  need  in  determining  the  coefficient  of  torsion.  We 
must  also  measure  accurately  the  distance,  Aa'  and  Bb^  between  tlie  centre 
of  each  of  the  largo  balls  and  the  point  of  rest  of  the  small  ball  when 
deflected. 


The  earth's  attraction  on  each  of  the  small  balls  of  course  equals 
the  hairs  weight.  The  attractice  force  of  the  large  ball  on  the  small  one 
near  it  is  found  directly  from  the  experiment.  If  the  deflection,  for 
instiinoo,  is  1°  and  the  coofllciont  of  torsion  is  such  that  it  takes 
nm*  grain  to  twist  the  wire  around  one  whole  revolution,  then  the 
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deflecting  force,  which  we  will  call/  as  before,  will  be  ^j^  of  a  grain. 
Call  the  mass  of  the  large  ball  By  and  let  d  be  the  measured  distance 
from  its  centre  to  that  of  the  deflected  ball.     We  shall  then  have 

also,  w  being  the  weight  of  the  small  ball, 

whence  we  get,  ver^*  much  as  in  the  preceding  case, 

which  gives  the  mass  of  the  earth  in  terms  of  B. 

The  method  diflers  from  the  preceding  in  that  we  use  a  large  ball 
of  metal  instead  of  a  mountain,  and  measure  its  deflecting  force  by  a 
laboratory  experiment  instead  of  comparing  astronomical  observations 
with  geodetic  measurements. 

168.  In  the  earlier  experiments  by  this  method  the  small  balls  were 
of  lead,  about  two  inches  in  diameter,  at  the  extremities  of  a  light  wooden 
rod,  five  or  six  feet  long,  enclosed  in  a  case  with  glass  ends,  and  their  posi- 
tion and  vibration  was  observed  by  a  telescope  looking  directly  at  them  from 
a  distance  of  several  feet.  The  attracting  masses,  B,  were  balls  also  of  lead, 
about  one  foot  in  diameter,  mounted  on  a  frame  pivoted  in  such  a  way 
that  they  could  be  easily  brought  to  the  required  positions. 

Great  difficulty  was  caused  by  air  currents  in  the  case,  and  it  was  neces- 
sary to  enclose  the  whole  apparatus  in  a  small  room  of  its  own  which  was 
covered  with  tin-foil  on  the  outside,  and  to  avoid  going  near  the  room  or 
allowing  any  radiant  heat  to  strike  it  for  hours  before  the  observations. 
Baily,  in  England,  and  Reich,  in  Germany,  between  1838  and  1842,  made 
very  extensive  series  of  observations  of  this  kind.  Baily  obtained  5  66  for 
the  earth's  density,  and  Reich  5.48. 

The  experiment  was  repeated  in  1872  by  Coniu,  in  Paris,  with  a  modified 
apparatus. 

The  horizontal  bar  was  in  this  case  only  half  a  metre  long,  of  aluminium, 
with  smaU  platinum  balls  at  the  end.  For  the  large  baUs,  glass  globes  were 
used,  which  could  be  pumped  full  of  mercury  or  emptied  at  pleasure.  The 
whole  was  enclosed  in  an  air-tight  case,  and  the  air  exhausted  by  an  air- 
pump.  The  deflections  and  vibrations  were  observed  by  means  of  a  tele- 
scope watching  the  image  of  a  scale  reflected  in  a  small  mirror  attached  to 
the  aluminium  beam  near  its  centre,  according  to  the  method  first  devised 
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by  Gauss  and  now  so  generally  used  in  galvanometers  and  similar  apparatns. 
Cornu  obtained  5.56  as  the  result,  and  showed  that  Daily's  figure  required  a 
correction  which,  when  applied,  would  reduce  it  to  5.55. 

167.  3.  Potsdam  Observations.  — Daring  1886  and  1887  another 
scries  of  observations  was  made  by  Wilsing,  at  Potsdam,  with  apparatus 
similar  in  principle  to  the  torsion  balance,  except  that  the  bar  carry- 
ing the  balls  to  be  attracted  was  vertical,  and  turned  on  knife  edges 
very  near  its  centre  of  gravity.  The  knife  edges,  like  those  of  an 
ordinary  balance,  rested  upon  agate  planes,  and  the  centre  of  gravity 
of  the  apparatus  was  so  adjusted  that  one  vibration  of  the  pendulum, 
under  the  influence  of  gravit}-  alone,  would  occupy  from  two  to  four 
minutes.  The  deflecting  weights  in  this  case  were  lai^e  cylinders  of 
cast  iron,  suspended  in  such  a  way  that  they  could  be  brought  oppo- 
site the  small  balls,  first  on  one  side  and  then  on  the  other.  The 
whole  was  set  up  in  a  basement,  and  carefully  and  very  effectually 
guarded  against  all  chauges  of  temperature,  the  arrangements  being 
such  that  all  manipulations  and  observations  could  be  effected  from 
the  outside  without  entering  the  room.  The  deflections  and  vibra- 
tions were  observed  by  a  reflected  scale,  as  in  Cornu's  observations. 
The  result  obtained  was  5.50. 

Several  other  methods  have  been  used ;  of  less  scientific  value, 
however. 

168.  a.  The  mass  of  the  earth  can  be  deduced  by  ascertaining  the  force 
of  gravity  at  the  top  of  a  mountain  and  at  its  hose,  by  means  of  pendulum  experi- 
ments. The  mass  of  the  mountain  must  be  determined  by  a  survey,  just  as 
in  the  Scheh allien  method,  which  makes  the  method  unsatisfactory.  At  the 
top  of  a  mountain  the  height  of  which  Ls  A,  and  the  distance  of  its  centre  of 
attraction  from  the  top  is  d,  gravity  will  be  nijide  up  of  two  parts,  one  the 
attraction  of  the  earth  at  a  distance  from  its  centre  equal  to  /J  +  A,  and  the 
other  the  attraction  of  the  mountain  alone  considered.  Calling  the  mass  of 
the  mountain  m,  and  gravity  at  its  summit  g^  (g  being  the  force  of  gravity  at 
the  earth's  surface),  we  shall  have  the  proportion 


the  second  fraction  in  the  last  term  of  the  proportion  being  the  attraction 
of  the  mountain.  When  g  and  g'  are  ascertained  by  the  pendulum  experi- 
ments, E  remains  as  the  only  unknown  quantity,  and  can  be  readily  found* 
Observations  of  this  kind  were  made  by  Carlini,  in  18'J1,  at  Mt.  Cenis,  and 
tlie  result  was  4.05. 


MASS  AND  DENSITY  OF   THE  EARTH.  115 

169.  b.  By  means  of  pendulum  observations  at  the  eartKs  surface  compared 
with  those  at  the  bottom  of  a  mine  of  known  depth.  This  method  was  employed 
by  Airy  in  1843,  at  Harton  Colliery,  1200  feet  deep ;  result,  6.56.  In  this  case 
the  principle  involved  is  somewhat  different.  At  any  point  within  a  hoUoWy 
homogeneous,  spherical  shell,  gravity  is  zero,  as  Newton  has  shown.  The 
attraction  balances  in  all  directions.  If,  then,  we  go  down  into  a  mine, 
the  effect  on  gravity  is  the  same  as  if  a  shell  composed  of  all  that  part  of  the 
earth  above  om*  level  had  been  removed.  At  the  same  time  our  distance 
from  the  earth's  centre  has  been  decreased  by  </,  the  depth  of  the  mine. 

E 

At  the  surface  ff=k  -—,   as  before. 

At  the  bottom  of  the  mine  g'=k^''*'^^^^^*\ 

Comparing  the  two  equations,  we  find  E  in  the  terms  of  the  shell,  since 
the  ratio  of  ^  to  y  is  given  by  pendulum  observations.  Obviously,  however, 
the  mass  of  the  **  shell "  is  dif&cult  to  determine  with  accuracy.  And  it  is  by 
no  means  homogeneous,  so  that  there  is  no  great  reason  for  surprise  at  the 
discordant  result.  ^  was  found  to  be  actually  greater  than  g,  showing  that 
although  at  the  centre  of  the  earth  the  attraction  necessarily  becomes  zero, 
yet  as  we  descend  below  the  surface,  gravity  increases  for  a  time  down  to  some 
unknown  but  probably  not  very  great  depth,  where  it  becomes  a  maximum. 

170.  r.  By  experiments  with  a  common  balance.  If  a  body  be  hung  from 
one  of  the  scale-pans  of  a  balance,  its  apparent  weight  w^ill  obviously  be 
increased  when  a  large  body  is  brought  very  near  it  underneath ;  and  thin 
increase  can  be  measured.  Poynting  in  England  and  Jolly  in  Germany 
have  recently  used  this  method,  and  have  obtained  results  agreeing  very 
fairly  with  those  got  from  the  torsion  balance.  The  experiment,  with  some 
modifications,  is  soon  to  be  tried  again  on  a  very  large  scale  in  Germany. 

171.  Constitation  of  the  Earth's  Interior. — Since  the  average  den- 
sity of  the  earth's  crust  does  not  exceed  three  times  that  of  water, 
while  the  mean  density  of  the  whole  earth  is  about  5.58  (taking  the 
average  of  all  the  most  tnistworthy  results) ,  it  is  obvious  that  at  the 
centre  the  density  must  be  very  much  greater  than  at  the  surface,  — 
very  likely  as  high  as  eight  or  ten  times  that  of  water,  and  equal  to 
the  density  of  the  heavier  metals.  There  is  nothing  in  this  that  might 
not  have  been  expected.  If  the  earth  were  ever  fluid,  it  is  natural  to 
suppose  that  in  the  solidification  the  densest  materials  would  settle 
towards  the  interior. 

Whether  the  interior  of  the  earth  is  solid  or  fluid  it  is  difficult  to  say  with 
certainty.    Certain  tidal  phenomena,  to  be  discussed  hereafter,  have  led  Sir 
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William  Thomson  and  the  younger  Darwin  to  conclude  that  the  earth  as  a 
whole  is  solid  throughout,  and  <*  more  rigid  than  glass/'  volcamc  centres 
being  mere  pustules  in  the  general  mass.    To  this  many  geologists  demur. 

As  regards  the  temperature  at  the  earth's  centre,  it  is  hardly  an  astronomical 
question,  though  it  has  very  important  astronomical  relations.  We  can  only 
take  space  to  say  that  the  temperature  appears  to  increase  from  the  surface 
downward  at  the  rate  of  about  one  degree  Fahrenheit  for  every  fifty  or  sixty 
feet,  so  that  at  the  depth  of  a  few  miles  the  temperature  must  be  very 
high. 
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CHAPTER  VI. 

THE  APPARENT  MOTION  OF  THE  SUN  AMONG  THE  STARS, 
AND  THE  earth's  ORBITAL  MOTION.  —  THE  EQUATION 
OF  TIME,  PRECESSION,  NUTATION,  AND  ABERRATION. — 
VARIOUS   KINDS   OF   "YEAR." — THE  CALENDAR. 

172.  The  Annual  Motion  of  the  Son.  —  The  apparent  annual  mo- 
tion of  the  sun  must  have  been  one  of  the  earliest  noticed  of  all  astro- 
nomical phenomena.    Its  discovery  antedates  history. 

As  seen  by  the  people  in  Europe  and  Asia,  the  sun,  starting  in 
the  spring,  mounts  higher  in  the  sky  each  day  at  noon  for  three 
months,  appears  to  stand  still  for  a  few  days  at  the  summer  sol- 
stice, and  then  descends  towards  the  south,  reaching  in  the  autumn 
the  same  noonday  elevation  it  had  in  the  spring.  It  keeps  on  its 
southward  course  to  a  winter  solstice  in  December,  and  then  returns 
to  its  original  height  at  the  end  of  the  year,  marking  and  causing  the 
seasons  by  its  course.  A  year,  the  interval  between  the  successive 
returns  of  the  sun  to  the  same  position,  was  very  early  found  to 
consist  of  a  little  more  than  three  hundred  and  sixty  days. 

Nor  is  this  all.  The  sun's  motion  is  not  merely  a  north-and-south 
m^iony  but  it  also  moves  ea^ward  am^ng  the  stars;  for  in  the 
spring  the  stars  which  are  rising  in  the  eastern  horizon  at  sunset  arc 
different  from  those  which  are  found  there  in  the  summer  or  winter. 
In  the  spring,  the  most  conspicuous  of  the  eastern  constellations  at 
sunset  are  Leo  and  Houtes ;  a  little  later,  Virgo  appears ;  in  the  sum- 
mer, Ophiuchus  and  Libra ;  still  later,  Scorpio ;  and  in  mid-winter, 
Orion  and  Taurus  are  in  the  eastern  sky. 

173.  So  far  as  mere  appearances  go,  everything  would  be  ex 
plained  by  assuming  that  the  earth  is  at  rest  and  the  sun  moving 
around  it;  but  equally  by  the  converse  supix)sition,  —  for  if  the  earth 
as  seen  from  the  sun  appeal's  at  any  point  in  the  heavens,  the  sun  ns 
seen  from  the  eai'th  must  appear  in  exactly  the  opposite  point,  and 
must  keep  opposite,  moving  through  the  same  path  in  the  sky  (but 
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six  months  behind),  and  always  in  the  same  ^'angular  direction,"  if 
we  may  use  the  expression.  (Just  as  two  opposite  teeth  on  a  gear- 
wheel move  in  the  same  angular  direction^  though  at  any  moment 
they  are  moving  in  opposite  linear  directions.) 

174.  That  it  is  really  the  earth  which  moves,  and  not  the  sun,  is 
absolutely  demonstrated  by  two  phenomena,  too  minute  and  delicate 
for  pre-telescopic  observations,  but  accessible  enough  to  modern 
methods.  We  can  only  mention  them  here,  leaving  their  fuller  dis- 
cussion for  the  present.  One  of  them  is  the  aberration  of  lights  the 
other  the  aniiual  parallax  of  the  Jixed  stars.  These  can  be  explained 
only  by  the  actual  motion  of  tiie  earth. 

176.  The  Ecliptic.  —  By  observing  with  a  meridian  circle  daily 
the  declination  of  the  sun,  and  the  difference  between  its  right 
ascension  and  that  of  some  star  (Flamsteed  used  a  Aquilse  for  the 
purpose),  we  shall  obtain  a  series  of  positions  of  the  sun's  centre 
which  can  be  plotted  on  a  celestial  globe ;  and  we  can  thus  make  out 
the  path  of  the  sun  among  the  stars,  and  find  the  place  where  it 
cuts  the  celestial  equator,  and  the  angle  it  makes.  This  path  turns 
out  to  bo  a  f/reat  circle^  as  is  shown  by  its  cutting  the  equator  at  two 
points  just  180°  apart  (the  so-called  equinoctial  points  or  equinoxes), 
and  makes  an  angle  with  it  of  approximately  23|-°.  This  great  circle 
is  called  the  Ecliptic,  because,  as  was  early  discovered,  eclipses 
happen  only  when  the  moon  is  crossing  it.  It  may  be  defined  as  the 
trace  of  the  jdane  of  the  earth's  orbit  vpon  the  celestial  sjihere^  just  as 
the  celestial  equator  is  the  trace  of  the  plane  of  the  terrestrial  equa« 
tor  on  the  same  sphere. 

176.  Definitions. — The  angle  which  the  ecliptic  makes  with  the 
equator  is  called  the  Obllqaitu  of  the  ecliptic^  and  the  points  midway 
between  the  equinoxes  are  called  the  JSolstices  {sol-stithim) ,  because  at 
these  points  the  sun  ^*' stands*'  or  stops  moving  in  declination  for  a 
sliort  time. 

Two  circles  parallel  to  the  equator,  drawn  through  the  solstices,  are 
called  the  Tropics  (Greek  rpcVo)),  or  ^^  turning-linesy"  because  there 
the  sun  turns  from  its  northward  motion  to  a  southern,  or  vice  x^ersa. 
The  obliquity  is,  of  course,  simply  equal  to  the  suns  ma.ri7nu7n  dedi" 
nation^  or  greatest  distance  from  the  equator,  which  is  reached  in 
June  and  December. 
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The  ancients  were  accustomed  to  determine  it  by  means  of  the  gnomon  ^ 
(Art.  107).  The  length  of  the  shadow  at  noon  on  the  solstitial  days  deter- 
mines the  zenith  distance  of  the  sun  on  those  days,  and  the  difference  of  the 
zenith  distances  at  the  two  solstices  is  twice  the  angle  desired.  The  gnomon 
also  determined  for  the  ancients  the  length  of  the  year,  it  being  only  neces- 
sary to  observe  the  interval  between  days  in  the  •spring  or  autumn,  when  the 
shadow  had  the  same  length  at  noon. 

177.  The  Zodiac  and  its  Signs.  —A  belt  16''  wide,  S""  on  each  side 
of  the  ecliptic,  is  called  the  Zodiac.  The  name  is  said  to  be  derived 
from  {<tfov,  a  living  creature,  because  the  constellations  in  it  (except 
Libra)  are  all  figures  of  animals.  It  was  taken  of  that  particular 
width  by  the  ancients  simply  because  the  moon  and  the  then  known 
planets  never  go  further  than  8^  from  the  ecliptic. 

This  belt  is  divided  into  the  so-called  signs,  each  30^  in  length,  having 
the  following  names  and  symbols :  — 

i  Aries,      T  ( Libra,             ^ 

Spring    <  Taurus,  ^  Autumn  i  Scorpio,          n\, 

C  Gemini,  n  (  Sagittarius,    / 

/Cancer,  25  /' Capricorn  us,  VJ 

Sununer  -J  Leo,        SI  Winter    )  Aquarius       a? 

( Virgo,     w)J  C  Pisces,            X 

The  symbols  are  for  the  most  part  conventionalized  pictures  of  the  ob- 
jects. The  symbol  for  Aquarius  is  the  Egyptian  character  for  water.  The 
origin  of  the  signs  for  Leo  and  Capricomus  is  not  quite  clear.  Virgo  was 
originally  Astrsea  holding  the  balances,  but  in  the  middle  ages  she  was  identi- 
fied with  the  Virgin  Mary,  and  the  symbol  of  Virgo  is  the  monogram  MV. 
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178.  Since  the  moon  and  all  the  principal  planets  alwi^ys  keep 
within  the  zodiac,  the  ecliptic  is  a  very  convenient  circle  of  reference, 
and  was  used  as  such  by  the  ancients.  Indeed,  until  the  invention 
of  pendulum  clocks,  it  was  on  the  whole  more  convenient  than  the 
equator,  and  more  used. 

The  tviro  points  in  the  heavens  90°  distant  from  the  ecliptic  are  called 
the  Poles  of  the  ecliptic.     The  northern  one  is  in  the  constellation 

^  The  Chinese  claim  to  have  made  an  obsenration  of  this  kind  about  4000  b.c, 
and  the  result  given  is  very  nearly  what  it  should  have  been  at  that  time.  (Tlie 
obliquity  changes  slightly  in  centuries.)  If  their  observation  is  genuine,  it  is 
by  far  the  oldest  of  all  astronoroical  records. 
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of  Oraco,  about  tialf-way  between  the  atai-e  8  and  ^  Draconis.  NoW| 
suppose  a  set  of  great  circlea  drawn,  like  meridians,  through  these 
poles  of  the  ecliptic,  aad  hence  perpendicular  to  that  circle ;  these 
are  Cinies  of  latitude  or  secondaries  to  the  ecliptic.  The  LoNsmntB 
of  a  star  or  any  other  heavenly  body  is,  then,  the  angle  made  at  the 
pole  of  the  ecliptic,  between  the  circle  of  latitude,  which  pasaen  through 
the  vernal  equinox,  and  the  circle  of  latitude  passing  through  the  body; 
or,  what  cornea  to  the  same  thing,  it  is  the  arc  of  the  ediptic  I'ncluded 
lietioeen  the  vernal  equinox  and  the  fool  of  the  circle  of  latitude  pass- 
ing through  the  body.  Celestial  longitude  is  always  reckoned  east- 
ward from  the  vernal  equinox,  completely  around  the  ecliptic,  bo  that 
the  longitude  of  the  sun  when  10°  u-est  of  the  vernal  equinox  would  be 
written  as  350°,  and  not  ns  —10°. 

The  Latitcbb  of  a  star  ia  simply  its  distatux  north  or  south  of 
the  ediptic  •measured  on  the  star's  circle  of  latitude. 

179.  It  will  be  seen  tliut  longitude  differs  from  rigid  ascension  in 
being  reckoned  on  the  ecliptic  instead  of 
on  the  equator,  nor  can  it  be  reckoned 
in  time,  but  ouly  in  degrees,  miDutes, 
and  seconds.  Latitude  differs  from  de- 
clination in  that  it  is  reckoned  from  the 
ecliptic  instead  of  from  the  equator. 
"  The  relation  between  right  ascension 

and  deoliuation  on  the  one  hand,  and 
longitude    and    latitude  on   the    other, 
may  be  luade   clearer    by  the   accom- 
panying  diagram  (Fig.  57),  in  which 
EC  is  the  ecliptic  aud  EQ  the  equa- 
tor, E  being  the  vern.il  equinox.     S 
being  a  stnr,  its  right  ascension  (a)  is 
Elt  and  its  declination  (8)  is  Sli ;  its  longitude  (X)  is  EL,  and  its  lati- 
tude (P)  is  SL.     7' and  7i'  are  the  polos  of  the  equ.itor  and  ecliptic 
respectively,  and  the  circle  KPCQ  is  the  Solstitial  Colure,  so  called. 

Tlie  student  can  hardly  take  too  great  care  to  avoid  confusion  of  celestial 
latitude  and  longitude  with  right  ascension  and  declination  or  with  terres- 
trial latitude  and  longitude.  It  b,  of  course,  unfortunate  that  latitude  in 
the  sky  should  not  be  analogous  to  latitude  upon  the  earth,  or  celestial  longi- 
tude tu  terrestrial.  The  terms  right  ascension  and  declination  are,  however, 
of  conip.'kratively  recent  introduction,  and  found  the  ground  preoccupied, 
celestial  latitude  and  longitude  beiug  uiuch  older. 
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180.  Convenion  of  A  and  p  into  a  and  S,  or  Vioe  Vena.  —  Right 
ascenBion  aod  declinatioQ  can,  of  course,  always  be  converted  iuto  longitude 
and  latitude  by  a  trigonometrical  calculation.  We  proceed  as  follows :  In 
the  triangle  ERS,  right-angled  at  R,  we  have  given  ER  and  RS  (a.  and  S), 
from  which  we  find  the  hypotheniise  ES  and  the  angle  RES.  Next  in  the 
triangle  ELS,  right-angled  at  L,  we  have  the  hypothenuse  ES  and  the  angle 
LES,  which  ia  equal  to  RES-LEQ  (LEQ  being  w,  the  obliquity  of  the 
ecliptic).     Hence  we  easily  find  EL  and  LS. 

181.  The  Earth'!  Orbit  in  8pa«e.  —  The  ediplic  is  not  the  earth's 
orbit,  and  must  not  be  confounded  with  it.  It  is  a  great  circle  at  the 
infinite  celeatial  sphere,  the  trace  made  upon  the  sphere  by  the  plane 
o(  the  earth's  orbit,  as  was  stated  in  its  definition.  The  fact  that 
it  is  a  great  circle  gives  us  do  information  about  the  earth's  orbit, 
except  that  ihe  orbit  alt  lies  in  one  plane  passing  through  the  sun.  It 
t«Us  us  nothing  as  to  its  real  form  and  size. 

By  reducing  the  observations  of  the  sun's  right  ascension  and 
declination  through  the  year  to  longitude  and  latitude  (the  latitude 
will  always  be  zero,  of  course,  except  for  some  slight  perturbations) 
and  combining  them  with  observations  of  the  sun's  apparent  diameter, 
we  can,  however,  ascertain  the  real  form  of  the  earth's  orbit  and  the 
law  of  its  motion  in  this  orbit.  But  the  size  of  the  orbit — the  scale 
of  miles  —  cannot  be  fixed  until  we  can  find  the  sun's  parallax. 

162.  To  find  the  Form  of  the  Orbit,  we  may  proceed  thus :  Take 
a  point  iS  for  the  sun  and  drav 
from  it  a  line  SO,  Fig.  58, 
directed  towards  the  vernal 
equinox  as  the  origin  of  longi- 
tudes. Lay  off  from  S  indefi- 
nite lines,  making  angles  with 
SO  equal  to  the  earth's  longi- 
tude on  each  of  the  days  ob- 
served through  the  year ;  i.e., 
the  angle  OS  10,  is  the  longi- 
tude at  the  time  of  the  10th 
obserralJOD  ;  and  bo  on.  We 
shall  thus  get  a  sort  of  "  spi-  Tio.  m. 

der,"  showing  the  directions  as     i>*wrmiiuiion  of »»  fom  of  iiw  Eutfa**  orbn. 
seen  from  the  earth  on  those  days . 

Next,  as  to  rehUive  distances.  While  the  apparent  diameter  of  tiit 
sun  does  not  tell  us  its  real  distance  from  the  earth,  uuless  we  first 
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know  the  sun's  real  diameter  in  miles,  the  changes  in  the  apparent 
diameter  do  inform  us  as  to  the  relative  distance  of  the  earth  at 
different  times,  since  the  nearer  we  are,  the  larger  the  sun  appears, — 
the  distance  being  inversely  proportional  to  the  apparent  diameter 
(page  7).  If,  then,  we  lay  off  on  the  arms  of  our  "spider"  dis- 
tances inversely  proportional  to  the  number  of  seconds  of  arc  in  the 
sun's  measured  diameter  at  each  date,  these  distances  will  be  pro^ 
portional  to  the  true  distance  of  the  earth  from  the  sun,  and  the  curve 
joining  the  points  thus  obtained  will  be  a  true  map  of  the  earth's 

orbit,  though  without  any  scale  of 
miles  upon  it. 

When  the  operation  is  performed, 
we  find  that  the  orbit  is  an  ellipse 
of  small  eccentricity  (about  one- 
sixtieth),  with  the  sun,  not  in  the 
centre,  but  at  one  focus. 


Fio.  59.  — TheEllipue. 


183.  For  the  benefit  of  any  who 
may  not  have  studied  conic  sections 
we  define  the  ellipse.  It  is  a  curve  such 
that  the  sum  of  the  two  distances  from  any  point  on  its  circumference  to 
two  points  within,  called  the  foci,  is  always  constant,  and  equal  to  what  is 
called  the  major-axis  of  the  ellipse.  SP-\-PF=AA',  in  Fig.  59.  AC  ia 
called  the  semi-major-axis,  and  is  usually  denoted  by  A  or  a.  BC  is  the 
semi-minor-axis,  denoted  by  B  or  h.     The  eccentricity,  denoted  by  c,  is  the 

fraction  — - . 

AC  

Since  BS  is  equal  to  A,  SC=  VA'^-B^ ; 


and 


e  = 


VA^^B'^ 


The  points  where  the  earth  is  nearest  to  and  most  remote  from  the 
sun  are  called  respectively  perihelion  and  aphelion^  and  the  line  that 
joins  them  is,  of  course,  the  major-axis  of  the  orbit.  This  line,  con- 
sidered as  indefinitely  produced  in  both  directions,  is  called  the  line 
of  apsides,  —  the  major-axis  being  a  limited  piece  or  "sect  "of  the 
line  of  apsides. 


184.  The  variations  of  the  vsnn's  diameter  are  too  small  to  be  detected 
without  a  telescope  (amounting  only  to  about  three  per  cent),  so  that 
the  ancients  were  unable  to  perceive  them.     Ilipparchus,  however,  about 
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150  B.C.,  discovered  that  the  earth  is  not  in  the  centre  of  the  circular  orbit 
which  he  supposed  the  sun  to  describe  around  it.  Everybody  assumed,  on 
a  priori  grounds,  never  disputed  until  the  time  of  Kepler,  that  the  sun's  orbit 
must  be  a  circle  and  described  with  a  uniform  motion,  because  a  circle  is 
the  only  "  perfect "  curve,  and  uniform  motion  the  only  perfect  motion. 
Obviously,  however,  the  sun's  apparent  motion  is  not  uniform,  because  it 
takes  184  days  for  the  sun  to  pass  from  the  vernal  equinox  to  the  autumnal 
through  the  summer  months,  and  only  181  days  to  return  during  the  win- 
ter. Hipparchus  explained  this  difference  by  the  hypothesis  that  the  earth 
is  out  of  the  centre  of  the  sun's  path. 

185.  To  find  the  Eccentricity  of  the  Orbit.  —  Having  the  greatest 
and  least  apparent  diameters  of  the  sun,  the  eccentricity,  e,  is  easily 
foand.  In  Fig.  59,  since,  by  definition,  e  =  CS  -5-  CA^  we  have  CS  = 
CA  X  e,  or  Ae.  The  perihelion  distance  AS  is  therefore  eqaal  to 
j4  X  (1  —  e),  and  the  aphelion  distance  SA*  to  A  (1  +  e).  Suppose 
now  that  the  greatest  and  least  measured  diameters  of  the  sun  are  p 
and  q.  This  gives  us  the  proportion  p:q=A  {l+e)  :A  (1— e), 
since  the  diameters  are  inversely/  proportional  to  the  distances.  From 
this  we  get 

The  actual  values  of  p  and  q  are  32'  36".4  and  31'  31  ".8,  which  give 
e  =:  0.01678  :  this  is  about  ^,  as  has  been  stated. 

186.  To  find  the  Law  of  the  Earth's  Motion.  —  By  comparing  the 
measured  apparent  diameter  with  the  differences  of  longitude  from  day 
to  day,  we  can  also  deduce  the  law  of  the  earth's  motion.  On  making 
a  table  of  daily  motions  and  apparent  diameters,  we  find  that  these 
daily  motions  vary  directly  as  the  squares  of  the  diameters;  from  which 

it  directly  follows  that  the  earth  moves  d_ 

in   such   a  way  that  its   radius-vector 

describes  areas  proportional  to  the  times    .^'C;;;^^-^  ^"^     ^6 

(a  law  which  Kepler  first  brought  to 

light  in   1609).     The  radius-vector  is 

the  line  w^hich  joins  the  earth  to  the 

sun  at  any  moment. 

187.  Consider   a   small   elliptical  sec-  _     ^ 

*  Fig.  80. 

tor,  dSc  (Fit'.  60),  described  by  the   earth         „      ^,  ^      ,  .,       .  . 

'         .        -     .  ,  ,.         ."  Equable  Description  of  Area*. 

in  a  unit  of  tune.     Kejjfarding  it  as  a  trian- 

;^'le,  its   area  is  given  by  the   formula  \  Sc  X  Sd  sin  cSd ;   and  calling  this 

angle  $  (which  will  be  very  small),  and  considering  that  in  so  short  a  time 
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Sd  aud  Sc  would  remain  sensibly  equal,  each  being  equal  to  R  (the  radiua- 
vector  at  the  middle  point  of  the  arc),  this  formula  becomes, 

Area  of  sector  =  J  R^. 
Now,  calling  the  sun's  apparent  diameter  D,  we  have : 

(k  being  a  constant,  and  depending  on  the  sun's  diameter  in  miles) ; 
whence  R^=—. 

But  our  measurements  show  that  $=  k^D^,  ky  being  another  constant. 

Substitute  these  values  of  R^  and  0  in  the  formula  for  the  area,  aud  we  have 

k^ 
Area  of  sector  =  ?,  -  -  x  k,  D^=k^  it,, 

a  constant ;  that  is,  the  area  described  by  the  radius-vector  in  a  unit  of  time 
is  always  the  same.  The  planet  near  i^rihelion  moves  so  much  faster,  that 
the  areas  aSh,  cSd,  and  eSf  are  all  ei^ual  to  each  other,  if  the  arcs  are  de- 
scribed in  the  same  time. 

188.  Kepler's  Problem.  —  As  the  case  stands  so  far,  this  is  a  mere 
fact  of  observation ;  but  as  we  shall  see  hereafter,  and  as  was  demon- 
strated by  Newton,  the  fact  shows 
that  the  earth  moves  under  the  ac- 
tion of  a  force  cUivays  directed  in  litie 
with  the  sun.  In  such  a  case  the 
** equable  description  of  areas"  is  a 
necessary  mechanical  consequence. 
It  is  true  in  every  case  of  elliptical 
motion,  and   enables   us  to  find  the 

F,o. 01. -Kepler's Problem.  positiou  of  the  earth  or  any  planet 

in  its  orbit  at  anv  time,  when  we 
once  know  the  time  of  it^s  orbital  revolution  (technically  the  period), 
and  the  time  when  it  was  at  perihelion.  Thus,  the  angle  ASP  (Fig.  61 ), 
which  is  called  the  Anomaly  of  the  planet,  must  be  such  that  the  area  of 
the  elliptical  sector  ^167*  will  be  that  portion  of  the  whole  ellipse  which 

is  represented  by  the  fraction  — ,  t  being  the  number  of  days  since  the 

planet  last  passed  the  perihelion,  and  T  the  number  of  days  in  the 
whole  period.  For  instance,  if  the  earth  last  passed  perihelion  on 
Dec.  31  (which  it  did),  its  place  on  May  1  must  be  such  that  the 
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sector  ASP  will  be  ^J^j  of  the  whole  of  the  earth's  orbit ;  since  from 
Dec.  31  to  May  1  is  121  days.  The  solution  of  this  problem,  known 
as  ^*  Kepler's  problem"  leads  to  transcendental  equations,  and  lies 
beyond  our  scope. 

See  Watson's  "  Theoretical  Astronomy,"  pp.  53  and  54,  or  any  other  simi- 
lar work. 

189.  Anomaly  and  Equation  of  the  Centre. — The  angle  ASP^ 
which  has  been  termed  simply  the  ^^  AnomcUy^'*  is  strictly  the  true 
Anomaly,  as  distinguished  from  the  mean  Anomaly.  The  former 
may  be  defined  as  tJie  angle  actually  made  at  any  time  by  the  radius- 
vector  of  a  planet  with  the  line  of  apsides,  the  angle  being  reckoned 
from  the  peiihelion  point  completely  around  in  the  direction  of  the 
planet*s  motion.  The  mean  Anomaly  is  what  the  Anomaly  would  be 
at  the  given  moment  if  the  planet  had  moved  with  uniform  angular 
velocity  J  completing  the  orbit  in  the  same  period,  and  passing  perihelion 
at  the  same  time,  as  it  actually  does.  The  difference  between  the 
two  anomalies  is  called  the  Equation  of  the  Centre.  This  is  zero  at 
l)erihelion  and  aphelion,  and  a  maximum  midway  between  them.  In 
the  case  of  the  sun,  its  greatest  value  is  nearly  2°,  the  sun  gettin<r 
alternately  that  amount  ahead  of,  and  behind,  the  position  it  would 
occupy  if  its  apparent  daily  motion  were  uniform. 

190.  The  Seasons. — The  earth  in  its  motion  around  the  sun 
always  keeps  its  axis  parallel  to  itself,  for  the  mechanical  reason  that 
a  revolving  body  necessarily  maintains  the  direction  of  its  axis  inva- 
riable, unless  disturbed  by  extraneous  force,  as  is  very  prettily  illus- 
trated by  the  gyroscope.  On  March  22  the  earth  is  so  situated 
that  the  plane  of  its  equator  passes  through  the  sun,  the  sun's  decli- 
nation being  zero  on  that  day. 

At  that  time,  the  line  which  separates  the  illuminated  portions  of 
the  earth  passes  through  the  two  poles,  and  day  and  night  are  every- 
where equal.  The  same  is  again  tnie  of  the  22d  of  September,  when 
the  earth  is  at  the  autumnal  equinox  on  the  opposite  side  of  the  orbit. 

About  the  21st  of  June  the  earth  is  so  situated  that  its  north  pole 
is  inclined  towards  the  sun  by  alx)ut  23^°,  which  is  the  sun's  northern 
declination  on  that  date.  The  south  pole  is  then  in  the  obscure  half 
of  the  earth's  globe,  while  the  north  pole  receives  sunlight  all  day 
long  ;  and  in  all  i)ortions  of  the  northern  hemisphere  the  day  is  longer 
than  the  night,  the  difference  between  the  day  and  night  depending 
upon  the  latitude  of  the  place,  while  in  the  southern  hemisphere  the 
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days  are  shorter  than  the  nights.  At  the  time  of  the  winter  solstice 
these  conditions  are  reversed.  At  the  equator  (of  the  earth)  the  day 
and  night  are  equal  at  all  times  of  the  j'ear.  The  sun  when  in  north- 
ern declination  of  course  always  rises  at  a  point  on  the  horizon  north 
o/  easty  and  sets  at  a  point  north  of  west,  so  that  for  a  portion  of 
the  time  each  day  it  shines  on  the  north  side  of  a  house. 

191.  Dinmal  Phenomena  near  the  Pole.  —  At  the  north  pole,  where 

the  celestial  pole  is  in  the  zenith,  and  the  diurnal  circles  are  parallel  with 
the  horizon,  the  sun  will  maintain  the  same  elevation  all  day  long,  except 
for  the  slight  change  caused  by  the  variation  of  its  declination  in*  twenty- 
four  hours.  The  sun  will  appear  on  the  horizon  at  the  date  of  the  vernal 
equinox  (in  fact,  about  two  days  before,  on  account  of  refraction),  and 
slowly  wind  upward  in  the  sky  until  it  reaches  its  maximum  elevation  of 
23  J®  on  June  21.  Then  it  will  retrace  its  course  until  a  day  or  two  after 
the  autumnal  equinox,  when  it  sinks  out  of  sight. 

At  points  between  the  north  pole  and  the  polar  circle  the  sun  will  appear 
above  the  horizon  earlier  in  the  year  than  March  22,  and  will  rise  and  set 
daily  until  its  declination  l^ecomes  equal  to  the  obse^^'er's  distance  from  the 
lK>le,  when  it  will  make  a  complete  circuit  of  the  heavens,  touchuig  the  hori- 
zon at  midnight  at  the  northern  point;  and  after  that  never  setting  again 
until  it  reaches  the  same  declination  in  its  southward  course  after  passing 
the  solstice.  From  that  time  it  will  again  rise  and  set  daily  until  it  reaches 
a  southern  declination  just  equal  to  the  obsei*ver's  polar  distance,  when  the 
long  night  begins ;  to  continue  until  the  sun,  having  passed  the  southern 
solstice,  returns  ivgain  to  the  same  declination  at  which  it  made  its  appear- 
ance in  the  spring.  At  the  polar  circle  itself  (or,  more  strictly  speaking, 
owing  to  refraction,  about  one-half  a  degree  south  of  it)  the  *^ midnight  sun" 
will  be  seen  on  just  one  day  in  the  year,  the  day  of  the  summer  solstice; 
and  there  will  also  be  one  absolutely  sunlejts  day,  viz.,  the  day  of  the  winter 
solstice.  The  same  remarks  apply  in  the  souliiern  hemisphere,  by  making 
the  obvious  changes. 

192.  Effects  on  Temperature.  —  The  changes  in  the  duration  of 
''^insolation**  (exposure  to  sunshine)  at  any  place  involve  changes 
of  temperature  and  other  climatic  conditions,  thus  producing  the  sea- 
sons. Taking  as  a  standard  the  amount  of  heat  received  in  twenty-four 
hours  on  the  day  of  the  equinox,  it  is  clear  tliat  the  surface  of  the 
soil  at  any  place  in  the  northern  hemisphere  will  receive  more  than 
this  average  amount  of  heat  wiienever  the  sun  is  north  of  the  celestial 
ecpiator,  for  two  reasons. 

1 .  Sunshine  lasts  more  than  half  the  day. 

2.  The  mean  elevation  of  the  suu  during  the  day  is  greater  than 
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Tig.  68. 

Effect  of  Son's  Elevation  on  Amount 
of  Heat  imparted  to  the  Soil. 


when  it  is  at  the  equinoxes,  since  it  is  higher  at  noon,  and  in  any 
case  reaches  the  horizon  at  rising  and  setting.  Now,  the  more  obliquely 
the  rays  strike,  the  less  heat  they  bring  to  each  square  inch  of  surface, 
as  is  obvious  from  Fig.  62.  A  beam  of  sunshine  having  the  cross- 
section  ABCD,  when  it  strikes  the 
surface  at  an  angle  h  (equal  to  the 
sun's  altitude)  is  spread  over  a  much 
larger  surface,  Acj  and  of  course 
the  amount  of  heat  per  square  inch 
is  proportionately  reduced.  If  Q 
is  the  amount  of  heat  per  square 
mch  brought  by  the  ray  when  fall- 
ing perpendicularly,  as  on  the  sur- 
face ACy  then  on  Ac  the  amount 
per  square  inch  will  be  Q  x  sin  h, 
since  ^^  =  ^5  xsin  h.  This  difference  in  favor  of  the  more  nearly 
vertical  rays  is  exaggerated  by  the  absorption  of  heat  in  the  atmo- 
sphere, because  rays  that  are  nearly  horizontal  have  to  traverse  a 
much  greater  thickness  of  air  before  reaching  the  ground. 

For  these  two  reasons,  at  a  place  in  the  northern  hemisphere,  the 
temperature  rises  rapidly  as  the  sun  comes  north  of  the  equator,  thus 
giving  us  our  summer. 

193.  Time  of  Highest  Temperature.  —  We,  of  course,  receive  the 
most  heat  per  diem  at  the  time  of  the  summer  solstice ;  but  this  is 
not  the  hottest  time  of  the  summer,  for  the  obvious  reason  that  the 
weather  is  then  all  the  time  getting  hotter^  and  the  maximum  will  not 
be  reached  until  the  increase  ceases;  that  is,  not  until  the  amount  of 
heaJt  lost  in  the  night  equals  that  received  by  day. 

If  the  earth's  surface  threw  off  the  same  amount  of  heat  hourly  whether 
it  were  hot  or  cold,  then  this  maximum  would  not  come  until  the  autumnal 
equinox.  This,  however,  is  not  the  case.  The  soil  loses  heat  faster  when 
warm  than  it  does  when  cold,  the  loss  being  nearly  proportional  to  the  dif- 
ference between  the  temperature  of  the  soil  and  that  of  surrounding  space ; 
(Newton's  law  of  cooling) ;  and  so  the  time  of  the  maximum  is  made  to 
come  not  far  from  the  end  of  July,  or  the  first  of  August,  in  our  latitude. 
For  similar  reasons  the  minimum  temperature  of  winter  occurs  about  Feb. 
1,  about  half-way  between  the  solstice  and  the  vernal  equinox.  Since,  how- 
ever, our  weather  is  not  entirely  **  made  on  the  8|x>t  where  it  is  used,"  but 
is  affected  by  winds  and  currents  that  come  from  great  distances,  the  actual 
time  of  the  maximum  temjierature  cannot  be  determined  by  any  mere  astro- 
nomical considerations,  but  varies  considerably  from  year  to  year. 
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194.  Difference  between  Seasons  in  Northern  and  Southern  Hemi- 
spheres. —  Since  in  December  the  distance  of  the  earth  from  the  sun 
is  about  three  per  cent  less  than  it  is  in  June,  the  earth  (as  a  whole) 
receives  hourly  about  six  per  cent  more  heat  in  December  than  in 
June,  the  heat  varying  inversely  as  the  square  of  the  distance.  For 
this  reason  the  southern  summer,  which  occurs  in  December  and 
January,  is  hotter  than  the  northern.  It  is,  however,  three  days 
shorter,  because  the  earth  moves  more  rapidly  in  that  part  of  its 
orbit.  The  total  amount  of  heat  per  acre,  therefore,  received  during 
the  sunmier  is  sensibly  the  same  in  each  Iiemisphere,  the  shortness 
of  the  southern  summer  making  up  for  its  increased  warmth. 

195.  The  southern  winter^  however,  is  both  longer  and  colder  than  the 
northern ;  and  it  is  maintained  by  certain  geologists,  Mr.  CroU  especially, 
that,  on  the  whole,  the  mean  annual  temperature  of  the  hemisphere  which 
has  its  winter  at  the  time  when  the  earth  is  in  aphelion  is  lower  than  that 
of  the  opposite  one.  It  has  been  attempted  to  account  for  the  glacial  epochs 
in  this  way.  It  is  certain  that  at  present,  at  any  place  in  the  southern  hem- 
isphere, the  difference  between  the  maximum  temperature  of  summer  and 
the  minimum  of  winter  must  be  greater  than  in  the  case  of  a  station  in  the 
northern  hemisphere,  similarly  situated  as  to  elevation,  etc.  We  say  "  at 
present "  because,  on  account  of  certain  slow  changes  in  the  earth's  orbit,  to 
be  spoken  of  immediately,  the  state  of  things  will  be  reversed  in  about  ten 
thousand  years,  the  northern  summer  being  then  the  hotter  and  shorter  one. 

196.  Secular  Changes  in  the  Orbit  of  the  Earth.  — The  orbit  of 
the  earth  is  not  absolutely  unchangeable  in  form  or  position^  though 
it  is  so  in  the  long  run  as  regards  the  length  of  its  major  axis  and  the 
duration  of  the  year, 

197.  1.  Change  in  Obliquity  of  the  Ecliptic,  — The  ecliptic  slightly 
and  very  slowly  shifts  its  position  among  the  stars,  thus  altering 
the  latitudes  of  the  stars  and  the  angle  between  the  ecliptic  and 
equator,  i.e.,  the  obliquity  of  the  ecliptic.  This  obliquity  is  at 
present  about  24'  less  than  it  was  2000  years  ago,  and  is  still 
decreasing  about  half  a  second  a  year.  It  is  computed  that  this 
diminution  will  continue  for  about  15,000  years,  reducing  the  obli- 
quity to  22^**,  when  it  will  begin  to  increase.  The  whole  change, 
according  to  Lagrange,  can  never  exceed  about  1^  2'  on  each  side  of 
the  mean. 

198.  2.  Change  of  Eccentricity. — At  present  the  eccentricity  of 
the  earth's  orbit  (which  is  now  0.0168)  is  also  slowly  diminishing. 
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According  to  Leverrier,  it  will  coutiuue  to  decrease  for  about  24,000 
years,  until  it  becomes  0.003,  and  the  orbit  will  be  almost  circu- 
lar. Then  it  will  increase  again  for  40,000  years,  until  it  becomes 
0.02. 

In  this  way  the  eccentricity  will  oscillate  backwards  and  forwards,  always, 
however,  remaining  between  zero  and  0.07 ;  but  the  oscillations  are  not 
equal  either  in  amount  or  time,  and  so  cannot  properly  be  compared  to  the 
''vibrations  of  a  mighty  pendulum/'  which  is  rather  a  favorite  figure  of 
speech. 

199.  3.  Revolution  of  the  Apsides  of  the  Earth* s  Orbit,  — The  line 
of  apsides  of  the  orbit,  which  now  sti'etches  in  both  directions  towards 
the  constellations  of  Sagittarius  and  Gemini,  is  also  slowly  and 
steadily  moving  eastward,  and  at  a  rate  which  will  carry  it  around 
the  circle  in  about  108,000  years. 

200.  These  so-called  ^^ secular**  changes  are  due  to  the  action  of 
the  other  planets  upon  the  earth.  Were  it  not  for  their  attraction,  the 
earth  would  keep  her  orbit  with  reference  to  the  sun  strictly  unaltered 
from  age  to  age,  except  that  possibly  in  the  course  of  millions  of 
years  the  effects  of  falling  meteoric  matter  and  the  attraction  of  the 
nearer  fixed  stars  might  make  themselves  felt. 

Besides  these  secular  perturbations  of  the  eartlfs  orbit,  the  earth  itself  is 
continually  being  slightly  disturbed  in  its  orbit.  On  account  of  its  con- 
nection with  the  moon,  it  oscillates  each  month  a  few  hmidred  miles  above  and 
below  the  true  plane  of  the  ecliptic,  and  by  the  action  of  the  other  planets  it  is 
sometimes  set  forwards  or  backwards  to  the  extent  of  a  few  thousand  miles. 
Of  course  every  such  change  produces  a  corresponding  slight  change  in  the 
apparent  position  of  the  sun. 

801.  Equation  of  Time. — We  have  stated  a  few  pages  back 
(p.  77),  that  the  interval  between  the  successive  passages  of  the 
sun  across  the  meridian  is  somewhat  variable,  and  that  for  this 
reason  apparent  solar,  or  sun-dial,  days  are  unequal.  On  this  ac- 
count mean  time  has  been  adopted,  which  is  kept  by  a  "^diYioi^,'' 
or  "  mean^**  sun  moving  uniformly  in  the  equator  at  the  same 
average  rate  as  that  of  the  real  sun  in  the  ecliptic.  The  hour- 
angle  of  this  mean  sun  is,  as  has  been  already  explained,  the 
local  mean  time  (or  clock  time) ;  while  the  hour-angle  of  the 
real  sun  is  the  apparent  or  sun-dial  time.  The  Efpiation  of  Time 
is  the  difference  between  these  two  times,  reckoned  as  plus  when 
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the  sun-dial  is  slower  than  the  clock,  and  minus  when  it  is  faster.  It 
is  the  correction  which  miist  be  added  (algebraically)  to  apparent  Hme 
in  order  to  get  mean  time.  As  it  is  the  difference  between  the  two 
hour-angles,  it  may  also  be  defined  as  the  difference  between  the 
right  ascensions  of  the  mean  sun  and  the  true  sun;  or  as  a  formula 
we  may  write  :  -E  =  a<  —  a„,  in  which  a^  is  the  right  ascension  of  the 
mean  sun,  and  a^  of  the  true  sun. 

The  principal  causes  of  this  difference  are  two :  — 

202.  1 .  The  Variable  Motion  of  the  Sun  in  the  Ecliptic,  due  to  the 
Eccentricity  of  the  Earth's  Orbit,  —  Near  perihelion,  which  occurs 
about  Dec.  31,  the  sun's  motion  in  longitude  is  most  rapid.  Ac- 
cordingly, at  this  time  the  apparent  solar  days  exceed  the  sidereal 
by  more  than  the  average  amount,  making  the  sun-dial  days  longer 
than  the  mean.  (The  average  solar  day,  it  will  be  remembered,  is  8"  56* 
longer  than  the  sidereal.)  The  sun-dial  will  therefore  lose  time  at 
this  season,  and  will  continue  to  do  so  for  about  three  months,  until 
the  angular  motion  of  the  sun  falls  to  its  mean  value.  Then  it  will 
gain  until  aphelion,  when,  if  the  clock  and  the  sun  were  started 
together  at  perihelion,  they  will  once  more  be  together.  During 
the  next  half  of  the  year  the  action  will  be  reversed.  Thus,  twice 
a  year,  so  far  as  the  eccentricity  of  the  earth's  orbit  is  concerned, 
the  clock  and  sun  would  be  together  at  perihelion  and  aphelion, 
while  half-way  between  they  would  differ  by  about  eiglit  minuies; 
the  equation  of  time  (so  far  as  due  to  this  cause  only)  being-}- 8 
minutes  in  the  spring,  and  —  8  minutes  in  the  autumn. 

203.  2.  The  Inclination  of  the 
Ecliptic  to  the  Equator, — Even  if 
the  sun*s  {apparent)  mx>tion  inlongi' 
tude  (i.e.,  along  the  ecliptic)  were 
uniform,  its  motion  in  right  ascen- 
sion would  be  variable.  If  the  true 
and  fictitious  suns  started  together 
at  tlie  equinox,  they  would  indeed 
be  together  at  the  solstices  and  at 
the  other  equinox,  because  it  is  just 

KflVct  of  Obliquity  of  Ecliptic  in  producing    -  ar\o  j*  •  ^  •  j 

Equation  of  Time.  ^^^   from  cquiuox  to  cqumox,  and 

the  solstices  are  exactly  half-way 
between  them.  But  at  intermediate  jwints,  between  the  equinoxes 
and  solstices,  thoy  would  not  be  together  on  the   same  hour-circle. 
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Tbia  is  best  seen  bj'  Ukiog  a.  celestial  globe  and  marking  on  the  edlp- 
tio  a  point,  m,  half-way  between  the  vernal  equinox  and  the  solstice, 
and  also  markiog  a  point  n  on  the  equator,  45°  from  Uie  equinox.  It 
will  at  once  be  seeo  that  the  former  point,  m  tn  Fig.  63,'  is  west  ofn, 
BO  that  m  in  the  daily  westward  motion  of  the  sky  will  come  to  the 
meridian  first;  in  other  words,  when  the  sun  is  half-way  between 
the  Ternnl  equinox  and  the  summer  solstice,  the  aun-dial  is  foMer 
than  the  clock,  and  the  equation  of  time  is  minus.  The  difference, 
measured  by  the  arc  m'n,  amounts  to  nearly  ten  minutes;  and  of 
course  the  same  thing  holds,  mvtaUs  miUandU,  for  the  other  quad- 
rants. 

204.  Combination  of  the  Effects  of  the  Two  Canua.'— Wecan  rep- 
resent graphically  these  two  components  of  the  equation  of  time  and 
the  result  of  their  eomblnntion  as  follows  (Fig.  64)  :  — 

The  central  horizontal  line  is  a  scale  of  dates  one  year  long,  the 
letters  denoting  the  beginning  of  each  month.     The   dotted  curve 
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sbows  the  equation  of  time  due  to  the  eccentricity  of  the  earth's  orbit, 
above  considered.  Starting  at  perihelion  on  Dec.  31,  this  com- 
ponent is  then  zero,  rising  from  there  to  a  value  of  about  +  8"  on 
April  2,  falling  to  zero  on  June  30,  mid  reaching  a  second  maximum 
of  —8*"  on  Oct.  1.  lu  the  same  way  the  broken-line  eur^■e  denotes 
the  effect  of  the  obliquity  of  the  ecliptic,  which,  by  itself  alone 
considered,  would  produce  an  equation  of  time  having  four  maxima 
of,   approximately,    10'"   each,    about    the    6th   of    February,    May, 

'  Fig.  63  Tcprcscnis  a  ci'l^itjal  glubo  v 
vertical,  knil  K.  Ihe  pn\e  of  Ihe  ecliptic,  < 
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August,  and  November  (alternately  +  and  — ),  and  reducing  to  zero 
at  the  equinoxes  and  solstices. 

The  full-lined  curve  represents  their  combined  effect,  and  is  con- 
structed by  making  its  ordinate  at  each  point  equal  to  the  sum 
(algebraic)  of  the  ordinates  of  the  two  other  curves.  At  the  1st  of** 
February,  for  instance,  the  distance  F^  3,  in  the  figure  =  jP,  1  -|- i^,  2. 
So,  also,  JIf,  6  =  3/,  4  +  M^  5  ;  tlie  components,  however,  in  this  case 
have  opposite  signs,  so  that  the  difference  is  actually  taken. 

The  equation  of  time  is  zero  four  times  a  year,  viz. :  on  April  15, 
June  14,  Sept.  1,  and  Dec.  24.  The  maxima  are  February  11,+ 
14"^  32' ;  May  14,  -  3™  55' ;  July  26,  -h  6™  12',  and  Nov.  2,-16"  18'. 
But  the  dates  and  amounts  vary  slightly  from  year  to  year. 

The  two  causes  above  discussed  are  only  the  principal  ones  effective  in 
producing  the  equation  of  time.  Every  perturbation  suffered  by  the  earth 
comes  in  with  its  own  effect ;  but  all  other  causes  combined  never  alter  the 
equation  by  more  than  a  few  seconds. 

205.  Precession  of  the  Equinoxes.  —  The  length  of  year  was 
found  in  two  ways  by  the  ancients  :  — 

1.  By  the  gnomon,  which  gives  the  time  of  the  equinox  and  sol- 
stice ;  and 

2.  By  observing  the  position  of  the  sun  with  reference  to  the 
stars,  — their  rising  and  setting  at  sunrise  or  sunset. 

Comparing  the  results  of  observ^ations  made  by  these  two  methods 
at  long  intervals,  Ilipparchus  (120  b.c.)  found  that  the  two  do  not 
agree ;  the  former  year  (from  equinox  to  equinox)  being  20"*  23' 
shorter  than  the  other  (according  to  modern  data).  The  equinox 
is  plainly  moving  ivesticard  on  the  ecliptic,  as  if  it  advanced  to 
meet  the  sun  on  each  annual  return.  He  therefore  called  the  motion 
the  ^'^ precession*^  of  the  equinoxes. 

On  comparing  the  latitudes  of  the  stars  in  the  time  of  the  ancient 
astronomers  with  the  present  latitudes,  we  find  that  they  have 
changed  very  sliglitly  indeed  ;  and  we  know  therefore  that  the  ecliptic 
and  the  plane  of  the  earth's  orbit  maintains  its  position  sensibly 
unaltered.  On  the  other  hand,  the  longitudes  of  the  stars  have  been 
found  to  increase  regularly  at  the  rate  of  about  50".  2  annually,  — 
fully  30°  in  the  last  2000  years.  Since  longitudes  are  reckoned 
from  the  equinox  (the  intersection  between  the  ecliptic  and  equa- 
tor), and  since  the  ecliptic  does  not  move,  it  is  evident  that  the 
motion  must  be  in  the  celestial  cfpiaior;  and  accordingly  we  find  that 
both  the  right  ascension  and  the  declination  of  the  stars  are  constantly 
changing. 
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SMM.  Motion  of  the  Pole  of  Equator  aronnd  the  Pole  of  the 
Ecliptic.  —  The  obliquity  of  the  ecliptic,  which  equals  the  distance  in 
the  sky  between  the  pole  of  the  equator  and  the  pole  of  the  ecliptic 
(Art.  178),  has  remained  nearly  constant.  Hence  the  pole  of  the 
equator  must  be  describing  a  circle  around  the  pole  of  the  ecliptic  in  a 
period  of  about  25,800  years  (360°  divided  by  50".2).  The  pole  of 
the  ecliptic  has  remained  practically  fixed  among  the  stars,  but  the 
other  pole  has  changed  its  position  materially.  At  present  the  pole 
star  is  about  1\°  from  the  pole.  At  the  time  of  the  star  catalogue  of 
Hipparchus  it  was  12^  distant  from  it,  and  during  the  next  century 
it  will  approach  to  within  about  30',  after  which  it  will  recede. 

S07.  If  upon  a  celestial  globe  we  take  the  pole  of  the  ecliptic  as  a  cen- 
tre, and  describe  about  it  a  circle  with  a  radius  of  23}°,  we  shall  get  the 
track  of  the  celestial  pole  among  the  stars,  and  shall  find  that  the  circle 
passes  Tery  near  the  star  a  Lyrae,  on  the  opposite  side  of  the  pole  of  the 
ecliptic  from  the  present  pole  star.  About  12,000  years  hence  a  LyrsB 
will  be  the  pole  star.  Reckoning  backwards,  we  find  that  some  3000 
years  ago  y  Draconis  was  the  pole  star ;  and  it  is  a  curious  circumstance 
that  certain  of  the  tunnels  in  the  pyramids  of  Egypt  face  exactly  to  the 
north,  and  slope  at  such  an  inclination  that  this  star  at  its  lower  culmination 
would  have  been  visible  from  their  lower  end  at  the  date  when  the  pyramids 
are  supposed  to  have  been  built.  It  is  probable  that  these  passages  were 
arranged  to  be  used  for  the  purpose  of  observing  the  transits  of  their  then 
pole  star. 

208.    Effect  of  Precession  upon  the  Signs  of  the  Zodiac.  —  Another 

effect  of  precession  is  that  the  signs  of  the  zodiac  do  not  now  agree  with  the 
constellations  which  bear  the  same  name.  The  sign  of  Aries  is  now  in  the 
constellation  of  Pisces ;  and  so  on,  each  sign  having  **  backed,"  so  to  speak, 
into  the  constellation  west  of  it. 

809.  Physical  Cause  of  Precession. — The  physical  cause  of  this 
slow  conical  rotation  of  the  earth's  axis  around  the  pole  of  the  eclip- 
tic lies  in  the  two  facts  that  the  earth  is  not  exactly  spherical^  and  that 
the  attractions  of  the  sun  and  moon  *  act  upon  the  equatorial  ring  of  mat- 
ter which  projects  above  the  true  sphere^  tending  to  draw  the  plane  of  the 
equator  into  coincidence  with  the  plane  of  the  ecliptic  by  their  greater 
attraction  on  the  nearer  portions  of  the  ring.  The  action  is  just  what 
it  would  be  if  a  spheroidal  ball  of  iron  of  the  shape  of  the  earth  had 


*  The  planets  produce  a  very  slight  effect,  whicli,  however,  is  in  the  opposite 
direction  from  tliat  of  the  8un  and  moon.     It  is  about  O'MG  aonuaUy. 
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a  magnet  brought  near  it.  The  magnet,  as  illustrated  in  Fig.  65, 
would  tend  to  draw  the  plane  of  the  equator  into  the  line  CM  joining  its 
pole  with  the  centre  of  the  globe,  because  it  attracts  the  nearer  portion 
of  the  equatorial  protuberance  at  E  more  strongly  than  the  remoter  at 
Q.  If  it  were  not  for  the  earth's  rotation,  this  attraction  would  bring  the 
two  planes  of  the  ecliptic  and  equator  together ;  but  since  the  earth  is 
spinning  on  its  axis,  we  get  the  same  result  that  we  do  with  the  whirl- 
ing wheel  of  a  gyroscope  by  hanging  a  weight  at  one  end  of  the  axis. 

We  then  have  the  result  of  the  combination  of  two 
rotations   at  right  angles  with  each  other,   one  the 
whirl   of  the  wheel,   the   other  the  "tip"  which  the 
weight  tends  to  give  the  axis.     (See  Brackett's  Phys 
ics,  pp.  53-56.) 


Fio.  G5. 

Effect  of  Attraction 
on  a  Spheroid. 


Fio.  66. 
l^eccselon  illastrated  by  Uic  Gyroscope. 


210.  In  this  case,  if  the  wheel  of  the  gyroscope  is  turning  swiftly 
clock'idse^  as  seen  from  above  (Fig.  66),  the  weight *at  the  (lower) 
end  of  the  axis  will  make  the  axis  move  slowly  around,  counter-clock' 
wise^  witlioiit  at  all  changing  its  inclination.  If  we  regard  the  hori- 
zontal plane  passing  through  the  gyroscope  as  representing  the  eclip- 
tic, and  the  point  in  the  ceiling  vertically  above  the  gyroscope  as  the 
pole  of  the  ecliptic,  the  line  of  the  axis  of  the  wheel  produced  up- 
ward would  describe  on  the  ceiling  a  circle  around  this  imaginary 
ecliptic  pole,  acting  precisely  as  does  the  pole  of  the  earth's  axis  in 
the  sky.  Tlie  swifter  the  wheel's  rotation,  the  slower  would  be  this 
*'  precessional "  motion  of  its  axis  ;  and  of  course,  the  rate  of  motion 
also  depends  upon  the  magnitude  of  the  suspended  weight. 

211.  A  full  treatment  of  the  subject  would  be  too  complicated  for  oiur 
pages.     An  elementary  notion  of  the  way  the  actiou  takes  place,  correct  as 
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far  as  it  goes,  is  easily  obtained  by  reference  to  Fig.  67.  Let  ^X  be  the  axis  of 
the  gyroscope,  the  wheel  being  seen  in  section  edge-wise,  and  the  eye  being 
on  the  same  level  as  the  centre  of  the  wheel ;  the  wheel  turning  so  that  the 
point  B  is  coming  towards  the  observer.  Now,  suppose  a  weight  hung  on 
the  lower  end  of  the  axis.  If  the  wheel 
were  not  turning,  the  point  B  would 
come  to  some  point  F  in  the  same  time 
it  now  takes  to  reach  C  (that  is,  after  a 
quarter  of  a  revolution).  By  combina- 
tion of  the  two  motions  it  will  come  to  a 
point  K  at  the  end  of  the  same  time, 
having  crossed  the  horizontal  plane  A  D 
at  L;  and  this  can  be  effected  only  by  /p. 

a   backward  "skewing  around"  of  the  ^-^ 

whole  wheel,  axis  and  all.    This  does  not,  ** '°'  ^^ 

of  course,  explain  why  the  inclination  of      RegreMlon  of  the  Gyroscope  Wheel, 
the  axis  does  not  change  under  the  action 

of  the  weight,  but  is  only  a  very  partial  illustration,  showing  merely  why 
the  plane  of  the  wheel  regresses.  A  complete  discussion  would  require  the 
consideration  of  the  motion  of  every  point  on  the  wheel  by  a  thorough  and 
difficult  analytical  treatment,  in  order  to  give  the  complete  explanation  of 
the  reason  why  the  depressing  weight,  however  heavy,  does  not  cause  the  end 
of  the  axis  to  fall  perceptibly.  (See  article,  "Gyroscope,''  in  Johnson's 
Cyclopaedia.) 

212.  Why  Precession  is  so  Slow.  — The  slowness  of  the  preces- 
sion depends  on  three  things:  (a)  the  enormous  "  moment  of  rota- 
tion "of  the  earth  —  a  point  on  the  equator  moves  with  the  speed  of  a 
cannon  ball ;  (b)  the  smallness  of  the  mass  (compared  with  that  of 
the  whole  earth)  of  the  protuberant  ring  to  which  precession  is  due ; 
and  (c)  the  minuteness  of  the  force  which  tends  to  bring  this  ring  into 
coincidence  with  the  ecliptic,  a  force  which  is  not  constant  and  per- 
sistent, like  the  weight  hung  on  the  gyroscope  axis,  but  very  variable. 

213.  The  Equation  of  the  Equinox.  —  Whenever  the  sun  is  in  the 

plane  of  the  equator  (which  is  twice  a  year,  at  the  time  of  the  equinoxes),  the 
8un*s  precessional  force  disappears  entirely,  its  attraction  then  having  no 
tendency  to  draw  the  equator  out  of  its  position.  The  moon's  action,  on  ac- 
count of  her  proximity,  is  still  more  powerful  than  that  of  the  sun ;  on  the 
average  two  and  a  half  times  as  great.  Now,  the  moon  crosses  the  celestial 
equator  twice  every  month,  and  at  those  times  her  action  ceases. 

Tliere  is  still  another  cause  for  variation  in  the  effect ivene^ss  of  the  moon*s 
attraction.  As  we  shall  see  hereafter,  she  does  not  move  in  the  ecliptic,  but 
in  a  path  which  cuts  the  ecliptic  at  an  angle  of  about  5^,  at  two  {XDints  called 
the  Nodes;  the  ascending  node  being  the  point  where  she  crosses  the  ecliptic 
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from  south  to  nortli.  These  nodes  move  westward  on  the  ecliptic  (Art.  455), 
making  the  circuit  once  in  about  nineteen  years.  Now,  when  the  ascending 
node  of  the  moon's  orbit  is  at  £  (Fig.  68),  near  the  autumnal  equinox  F,  its 

inclination  to  the  equator  will 

A^^^>^ ^^^rr:^i5^^  ^®»  ^  ^^®  figure  shows,  less 

than  the  obliquity  of  the  eclip- 
tic  by  about  5°;  i.€.,  it  will 
Fio.  68.  be  only  about  18°,    On  the 

Variation  in  the  Inclination  of  Moon's  Orbit  to  Equator,    other    hand,    nine    and  a  half 

years  later,  when  the  node  has 
backed  around  to  a  point  A,  near  the  vernal  equinox,  the  inclination  of  the 
moon's  orbit  to  the  equator  will  be  nearly  28°.  When  the  node  is  in  this 
position,  the  moon  will  produce  nearly  twice  as  much  precessional  move- 
ment each  month  as  when  the  node  was  at  B, 

The  precession,  therefore,  is  not  uniform,  but  variable,  almost  ceasing  at 
some  times  and  at  others  becoming  rapid.  The  average  amount,  as  has 
been  stated,  is  50". 2  a  year;  and  the  variation  is  taken  account  of  in  what 
is  called  the  equation  of  the  equinox,  which  is  the  difference  between  the 
actual  position  of  the  equinox  at  any  time  and  the  position  it  would  have  at 
that  moment  if  the  precession  had  been  all  the  time  going  on  uniformly. 

214.  Nutation.  —  Nor  is  this  variation  in  the  rate  at  which  the 
equinox  regresses  the  only  effect  of  these  changes  ih  the  precessional 
force.  So  long  as  this  force  is  constant^  the  inclination  of  the  equator 
to  the  ecliptic  also  remains  constant;  but  whenever  this  force  is  in  the 
act  of  increasing,  then  the  inclination  slowly  decreases,  and  vice  versa 
when  the  precessional  force  is  decreasing.  The  consequence  is  what 
is  called  Nutation  or  "  nodding."  The  axis  of  the  eartli,  instead  of 
moving  smoothly  in  a  circle,  nods  in  and  out  a  little  with  respect  to 
the  pole  of  the  ecliptic,  describing  a  wavy  curve  resembling  that 
shown  in  Fig.  69,  but  with  nearly  1400  iudentations  in  the  entire  cir- 
cumference traversed  in  26,000  years. 

215.  We  distinguish  three  of  these  nutations,  (a)  The  Lunar  Nutation, 
depending  upon  tlie  motion  of  the  moon's  nodes. 
This  hius  a  period  of  a  little  less  than  nineteen 
years,  and  amounts  to  9". 2.  (ft)  The  Solar  Nuta- 
tion, due  to  th(^  changing  d€*clination  of  the  sun. 
Its  period  is  a  year,  and  its  amount  1".2.  (c)  'Hie 
Monthly  Nutation,  precisely  like  the  solar  nutation, 
except  that  it  is  due  to  the  moons  changes'  of  dec- 
lination during  the  month.  It  is,  however,  too 
small  to  be  certainly  measured,  not  exceeding  one- 
tenth  of  a  second.  Fxo.  eo.-TiruiaUon. 
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Nutation  was  detected  by  Bradley  in  1728,  but  not  fully  explained  until 
1748. 

Neither  precession  nor  nutation  affect  the  latitudes  of  the  stars,  since  they 
are  not  due  to  any  change  in  the  position  of  the  ecliptic,  but  only  to  displacements 
of  the  earth's  axis.     The  longitudes  alone  are  changed  by  them. 

The  right  ascension  and  declination  of  a  star  are  both  affected. 

216.  The  Three  Kinds  of  Tear.  —  In  consequence  of  the  motion 
of  the  equinoxes  caused  by  precession,  the  sidereal  year  and  the 
equinoctial  or  "  tropical"  year  do  not  agree  in  length.  Although  the 
sidereal  year  is  the  one  which  represents  the  earth's  true  orbital  revo- 
lution around  the  sun,  it  is  not  used  as  the  year  of  chronology  and 
the  calendar,  because  the  seasons  depend  on  the  sun's  place  in  rela- 
tion to  the  equinoxes.  The  tropical  year  is  the  year  usually  employed, 
unless  it  is  expressly  stated  to  the  contrary.  The  length  of  the 
Sidereal  year  is  365**  6**  9™  9" ;  that  of  the  Tropical  year  is  about 
20"  less,  365^  5*^  48""  46'. 

The  third  kind  of  year  is  the  Anomalistic  year,  which  is  the  time 
from  perihelion  to  perihelion  again.  As  the  line  of  apsides  of  the 
earth's  orbit  moves  always  slowly  towards  the  east,  this  year  is  a  little 
longer  than  the  sidg-eal.     Its  length  is  365**  6**  13"  48'. 

217.  The  Calendar.  —  The  natural  units  of  time  are  the  day^  the 
months  and  the  year.  The  day,  however,  is  too  short  for  convenient 
use  in  designating  extended  periods  of  time,  as  for  instance  in 
expressing  the  age  of  a  man.  The  month  even  meets  the  same 
objection,  and  for  all  chronological  purposes,  therefore,  the  year  is 
the  unit  practically  employed.  In  ancient  times,  however,  so  much 
regard  was  paid  to  the  month,  and  so  many  of  the  religious  beliefs 
and  observances  connected  themselves  with  the  times  of  the  new  and 
full  moon,  that  the  early  history  of  the  calendar  is  largely  made  up 
of  attempts  to  fit  the  month  to  the  year  in  some  convenient  way. 
Since  the  two  are  incommensurable,  the  problem  is  a  very  difficult, 
and  indeed  strictly  speaking,  an  impossible,  one. 

In  the  earliest  times  matters  seem  to  have  been  wholly  in  the  hands 
of  the  priesthood,  and  the  calendar  then  was  predominantly  hnmr, 
with  months  and  days  intercalated  from  time  to  time  to  keep  the 
seasons  in  place.  The  Mohammedans  still  use  a  purely  lunar  calen- 
dar, having  a  year  of  twelve  lunar  months,  and  containing  alternately 
354  and  355  days.  In  their  reckoning  the  seasons  fall,  of  course, 
continually  in  different  months,  and  their  calendar  gains  about  one 
3'ear  in  thirty-three  uiK)n  the  reckoning  of  Christian  nations. 
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from  south  to  north.  These  nodes  move  westward  on  the  ecliptic  (Art.  455), 
making  the  circuit  once  in  about  nineteen  years.  Now,  when  the  ascending 
node  of  the  moon's  orbit  is  at  ^  (Fig.  68),  near  the  autumnal  equinox  F,  its 

inclination  to  the  equator  will 
B  be,  aa  the  figure  shows,  less 

than  the  obliquity  of  the  eclip- 
tic  by  about   5<^;   i.e.y  it  will 
Fio.  68.  be  only  about   18°.    On  the 

Variation  in  the  Inclination  of  Moon's  Orbit  to  Equator,    other    hand,    nine    and  a  half 

years  later,  when  the  node  has 
backed  around  to  a  point  A,  near  the  vernal  equinox,  the  inclination  of  the 
moon's  orbit  to  the  equator  will  be  nearly  28°.  When  the  node  is  in  this 
position,  the  moon  will  produce  nearly  twice  as  much  precessioual  move- 
ment each  month  as  when  the  node  was  at  B. 

The  precession,  therefore,  is  not  uniform,  but  variable,  almost  ceasing  at 
some  times  and  at  others  becoming  rapid.  The  average  amount,  as  has 
been  stated,  is  50''. 2  a  year;  and  the  variation  is  taken  account  of  in  what 
is  called  the  equation  of  the  equinox,  which  is  the  difference  between  the 
actual  position  of  the  equinox  at  any  time  and  the  position  it  would  have  at 
that  moment  if  the  precession  had  been  all  the  time  going  on  uniformly. 

214.  Natation.  —  Nor  is  this  variation  in  the  rate  at  which  the 
equinox  regresses  the  only  effect  of  these  changes  ifi  the  precessional 
force.  So  long  as  this  force  is  constant^  the  inclination  of  the  equator 
to  the  ecliptic  also  remains  constant;  but  whenever  this  force  is  in  the 
act  of  ijicreasing,  then  the  inclination  slowly  decreases^  and  vice  versa 
when  the  precessional  force  is  decreasing.  The  consequence  is  what 
is  called  Nutation  or  "  nodding."  The  axis  of  the  eartli,  instead  of 
moving  smoothly  in  a  circle,  nods  in  and  out  a  little  with  respect  to 
the  pole  of  the  ecliptic,  describing  a  wavy  curve  resembling  that 
shown  in  Fig.  69,  but  with  nearly  1400  indentations  in  the  entire  cir- 
cumference traversed  in  26,000  years. 

215.  We  distinguish  three  of  these  nutations,  (a)  The  Lunar  Nutationy 
depending  upon  the  motion  of  the  moon's  nodes. 
This  has  a  period  of  a  little  levSs  than  nineteen 
years,  and  amounts  to  9". 2.  (ft)  The  Solar  Nuta- 
tiony due  to  the  changing  declination  of  the  sun. 
Its  period  is  a  year,  and  its  amount  1".2.  (c)  'Hie 
Monthly  Nutation,  precisely  like  the  solar  nutation, 
except  that  it  is  due  to  the  moons  ehangejC  of  dec- 
lination during  the  month.  It  is,  however,  too 
small  to  be  certainly  measured,  not  exceeding  one- 
tenth  of  a  second.  Fio.  eo.  ^uiaUon. 
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Nutation  was  detected  by  Bradley  in  1728,  but  not  fully  explained  until 
1748. 

Neither  precession  nor  nutation  affect  the  latitudes  of  the  stars,  since  they 
are  not  due  to  any  change  in  the  position  of  the  ecliptic,  but  only  to  displacements 
of  the  earth's  axis.     The  longitudes  alone  are  changed  by  them. 

The  right  ascension  and  declination  of  a  star  are  both  affected. 

216.  The  Three  Kinds  of  Tear.  —  In  consequence  of  the  motion 
of  the  equinoxes  caused  by  precession,  the  sidereal  year  and  the 
equinoctial  or  '*  tropical'*  year  do  not  agree  in  length.  Although  the 
sidereal  year  is  the  one  which  represents  the  earth's  true  orbital  revo- 
lution around  the  sun,  it  is  not  used  as  the  year  of  chronology  and 
the  calendar*  because  the  seasons  depend  on  the  sun's  place  in  rela- 
tion to  the  equinoxes.  The  tropical  year  is  the  year  usuall}*  employed, 
unless  it  is  expressly  stated  to  the  contrary.  The  length  of  the 
Sidereal  year  is  Seo**  &"  9"^  9' ;  that  of  the  Tropical  year  is  about 
20"  less,  SGb^  b""  48"*  46*. 

The  third  kind  of  year  is  the  Anomalistic  year,  which  is  the  time 
from  perihelion  to  perihelion  again.  As  the  line  of  apsides  of  the 
earth's  orbit  moves  always  slowly  towanls  the  east,  this  year  is  a  little 
longer  than  the  sid^eal.     Its  length  is  365**  6*»  13"  48". 

217.  The  Calendar. — The  natural  units  of  time  are  the  day^  the 
months  and  the  year.  The  day,  however,  is  too  short  for  convenient 
use  in  designating  extended  periods  of  time,  as  for  instance  in 
expressing  the  age  of  a  man.  The  month  even  meets  the  same 
objection,  and  for  all  chronological  purposes,  therefore,  the  year  is 
the  unit  practically  employed.  In  ancient  times,  however,  so  much 
regard  was  paid  to  the  month,  and  so  many  of  the  religious  beliefs 
and  observances  connected  themselves  with  the  times  of  the  new  and 
full  moon,  that  the  early  history  of  the  calendar  is  largely  made  up 
of  attempts  to  fit  the  mouth  to  the  year  in  some  convenient  wa}*. 
Since  the  two  are  incommensurable,  the  problem  is  a  very  difficult, 
and  indeed  strictly  speaking,  an  impossible,  one. 

In  the  earliest  times  matters  seem  to  have  been  wholly  in  the  hands 
of  the  priesthood,  and  the  calendar  then  was  predominantly  Innm^ 
with  months  and  days  intercalated  from  time  to  time  to  keep  the 
seasons  in  place.  The  Mohammedans  still  use  a  purely  lunar  calen- 
dar, having  a  year  of  twelve  lunar  months,  and  containing  alternately 
354  and  355  days.  In  their  reckoning  the  seasons  fall,  of  course, 
continually  in  different  months,  and  their  calendar  gains  about  one 
year  in  thirty-three  ui)on  the  reckoning  of  Christian  nations. 
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218.  The  Metonic  Cycle.  —  Among  the  Greeks  the  discovery  of 
the  so-called  lunar  or  Metonic  cycle  b}'  Meton,  about  433  b.c,  con- 
siderably simplified  matters.  This  cycle  consists  of  235  synodic 
months  (from  new  moon  to  new  again),  which  is  very  approximately 
equal  to  19  common  years  of  365^  days. 

235  months  equals  6939*  16»»  31" ;  19  tropical  years  equals  6939<*  li^  27» : 
so  that  at  the  end  of  the  19  years,  the  new  and  full  moon  recur  again  on  the 
same  days  of  the  year,  and  at  the  same  time  of  day  within  less  than  two 
hours.  The  calendar  of  the  phases  of  the  moon,  for  instance,  for  1889  is  the 
same  as  for  1870  and  1908  (except  that  intervening  leap-years  may  change 
the  dates  by  one  day). 

The  "  Golden  number  "  of  a  year  is  its  number  in  this  Metonic  cycle,  and 
is  found  by  adding  1  to  the  "  date-number  "  of  the  year  and  dividing  by  19. 
The  remainder,  unless  zero,  is  the  "golden  number"  (if  it  comes  out  zero,  19 
is  taken  instead).  Thus  the  golden  number  for  1888  is  found  by  dividing 
1889  by  19,  and  the  remainder  8,  Is  the  golden  number  of  the  year. 

This  cycle  is  still  employed  in  the  ecclesiastical  calendar  in  finding  the 
time  of  Easter. 

For  further  information  on  the  subject,  consult  Johnson's  Encyclopaedia,  or  Shr 
Edmund  Becket's  ''Astronomy  without  Mathematics." 

219.  Julian  Calendar.  —  Until  the  time  of  Julius  Caesar  the  Roman 
calendar  seems  to  have  been  based  upon  the  lunar  year  of  twelve 
months,  or  355  days,  and  was  substantially  like  the  modern  Mohamme- 
dan calendar,  with  arbitrary  intercalations  of  months  and  days  made  by 
the  priesthood  and  magistrates  from  time  to  time  in  order  to  bring  it 
into  accordance  with  the  seasons.  In  the  later  days  of  the  Republic, 
the  confusion  had  become  intolerable.  Ca?sar,  with  the  help  of  the  as- 
tronomer Sosigenes,  whom  he  called  from  Alexandria  for  the  purpose, 
reformed  the  system  in  the  year  45  b.c,  introducing  the  so-called 
'*  Julian  calendar,'*  which  is  still  used  either  in  its  original  shape  or 
with  a  very  sligiit  modification.  He  gave  up  entirely  the  attempt  to  co- 
ordinate the  month  with  the  year,  and  adopting  3G5J  days  as  the  true 
lengtli  of  the  tropical  year,  he  ordained  that  every  fourth  3'ear  should 
contain  an  extra  day,  the  sixth  day  before  the  Kalends  of  March  on  that 
year  being  counted  tivice^  whence  the  year  was  called  "  bissextile,*' 
Before  his  time  the  year  had  begun  in  March  (as  indicated  by  the 
Roman  names  of  the  months,  —  September,  seventh  month  ;  October, 
eighth  month,  etc.),  but  he  ordered  it  to  begin  on  the  1st  of  January, 
which  in  that  year  (45  B.C.)  was  on  the  day  of  the  new  moon  next  fol- 
lowing the  winter  solstice.  In  introducing  the  change  it  was  necessary 
to  make  the  preceding  year  445  days  long,  and  it  is  still  known  in 
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the  annals  as  '^  the  year  of  confusion."    He  also  altered  the  name  of 
the  month  Quintilis,  calling  it  ^^  July"  after  himself. 

There  was  some  irregularity  in  the  bissextile  years  for  a  few  years  after 
Caesar's  death,  from  a  misunderstanding  of  his  rule  for  the  intercalary  day ; 
but  his  successor  Augustus  remedied  that,  and  to  put  himself  on  the  same 
level  with  his  predecessor,  he  took  possession  of  the  month  Sextilis,  calling 
it  *^  August " ;  and  to  make  its  length  as  great  as  that  of  July,  he  robbed 
February  of  a  day. 

From  that  time  on,  the  Julian  calendar  continued  unbrokenly  in  use  until 
1582 ;  and  it  is  still  the  calendar  of  Russia  and  of  the  Greek  Church. 

220.  The  Ghregorian  Calendar.  —  The  Julian  calendar  is  not  quite 
correct.  The  true  length  of  the  tropical  year  is  365  days  5  hours 
48  minutes  and  46  seconds,  and  this  leaves  a  difference  of  11  minutes 
and  14  seconds  by  which  the  Julian  calendar  year  is  the  longer,  being 
exactly  365^  days.  As  a  consequence,  the  date  of  the  equinox  comes 
gradually  earliar  and  earlier  by  about  three  days  in  400  years. 
(400  X  1H"  =  4467  minutes  =  3^  2^  27".)  In  the  year  1582,  the 
date  of  the  vernal  equinox  had  fallen  back  10  days  to  the  11th  of 
March,  instead  of  occurring  on  the  21st  of  March,  as  at  the  time  of 
the  Council  at  Nice,  325  a.d.  Pope  Gregory,  therefore,  acting  under 
the  advice  of  the  Jesuit  astronomer,  Clavius,  ordered  that  the  day 
following  Oct.  4  in  the  year  1582  should  be  called  not  the  5th,  but 
the  loth,  and  that  the  rule  for  leap-year  should  be  slightlj'  changeil 
so  as  to  prevent  any  such  future  displacement  of  the  equinox.  The 
rule  now  stands :  All  years  whose  date-number  is  divisible  by  four 
without  a  remainder  are  leap-years^  unless  they  are  centui^  years  (1700, 
1800,  etc.).  The  century  years  are  not  leap-years  unless  their  date^ 
number  is  divisible  by  400,  in  which  case  they  are:  that  is,  1700,  1800, 
and  1900  are  not  leap  years ;  but  1600,  2000,  and  2400  are. 

221.  Adoption  of  the  Kew  Calendar.  —  The  change  was  imme- 
diately adopted  by  all  Catholic  nations ;  but  the  Greek  Church  and 
most  of  the  Protestant  nations,  rejecting  the  Pope's  authority,  de- 
clined to  accept  the  correction.  In  England  it  was  at  last  adopted 
ill  the  year  1752,  at  which  time  there  was  a  difference  of  eleven  days 
between  the  two  calendars.  (The  year  1600  was  a  leap-3ear  accord- 
ing to  the  Gregorian  system  as  well  as  the  Julian,  but  1700  was  not.) 
Parliament  enacted  that  the  day  following  the  2d  of  September,  in 
the  year  1752,  should  be  called  the  14th  instead  of  the  3d ;  and  also 
that  the  year,  which  had  before  been  reckoned  from  the  Ist  of 
March,  as  in  the  old  Roman  calendar,  should  thereafter  begin  on 
the  1st  of  January. 
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The  change  was  made  under  very  great  opposition,  and  there  were  violent 
riots  in  consequence  in  different  parts  of  the  country,  especially  at  Bristol, 
where  several  persons  were  killed.  The  cry  of  the  populace  was,  "  Give  us 
back  our  fortnight,"  for  they  supposed  they  had  been  robbed  of  eleven  days, 
although  the  act  of  Parliament  was  carefully  framed  to  prevent  any  injus- 
tice in  the  collection  of  interest,  payment  of  rents,  etc. 

At  present,  since  the  year  1800  was  not  a  leap-year  according  to  the 
Gregorian  calendar,  while  it  was  so  according  to  the  Julian,  the  difference 
between  the  two  calendars  amounts  to  twelve  days ;  thus  in  Russia  the  l&th 
of  August  would  be  reckoned  as  the  7th.  In  Russia,  however,  for  scientific 
and  commercial  purposes  both  dates  are  very  generally  used,  so  that  the  date 
mentioned  would  be  written  Aug.  ^^.  AVhen  Alaska  v/as  annexed  to  the 
United  States,  its  calendar  had  to  be  changed  by  the  twelve  days  difference. 

222.  The  Beginning  of  the  Year.  —  The  beginning  of  the  year  has 
been  at  several  different  dates  in  the  differeTit  countries  of  Europe.  Some 
have  regarded  it  as  beginning  at  Christmas,  the  25th  of  December ;  others, 
on  the  1st  of  January ;  others  still,  on  the  1st  of  March ;  others,  on  the 
25th ;  and  others  still,  at  Easter,  which  may  fall  on  any  day  between  the 
22d  of  March  and  the  25th  of  April. 

In  England  previous  to  the  year  1752  the  legal  year  commenced  on  the 
25th  of  March,  and  when  the  change  was  made,  the  year  1751  necessarily 
lost  its  months  of  January  and  February,  and  the  first  twenty-four  days  of 
March.  Many  were  slow  to  adopt  this  change,  and  it  becomes  necessary, 
therefore,  to  use  considerable  care  with  respect  to  English  dates  which  occur 
in  the  months  of  Jaiuiary,  February,  or  March  about  that  period.  The 
month  of  February,  1755,  for  instance,  would  by  some  writers  be  reckoned 
as  occurring  in  1754.     Confusion  is  best  avoided  by  writing,  Feb.  ^m* 

223.  First  and  Last  Bays  of  the  Tear.  —  Since  the  ordinary  civil 

year  consists  of  305  days,  which  is  52  weeks  and  one  day,  the  last  day  of 
each  common  year  falls  on  the  same  day  as  the  first ;  so  that  any  given  date 
will  fall  one  day  later  in  the  week  than  it  did  on  the  preceding  year,  unless 
a  29th  of  February  has  intervened,  in  which  case  it  will  be  two  days  later ; 
that  is,  if  the  3d  of  January,  1889,  falls  on  Thursday,  the  same  date  in  1890 
will  fall  on  Friday. 

224.  Aherration.  —  Although  in  strictness  tlie  discussion  of  aberration  does 
not  belong  to  a  chapter  describing  the  earth  and  its  motions,  yet  since  it  is  a  phe- 
nomenon due  to  the  earth's  motion,  and  affects  the  right  ascension  and  declination  of 
the  stars  in  much  the  same  way  as  do  precession  and  natation,  it  may  properly  enough 
be  considered  here. 

Aberration  is  the  apparent  displacement  of  a  star^  due  to  the  com6i- 
7iation  of  the  motion  of  light  with  the  motion  of  the  observer. 

The  direction  in  which  we  have  to  point  our  telescope  in  observing 
a  star  is  not  the  same  that  it  would  be  if  the  earth  were  at  rest.     It 
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Fig.  70.  —  AbernUion  of  a  Raindrop. 


lies  beyond  our  scope  to  show  that  according  to  the  wave  theory  of 
light  the  apparent  direction  of  a  ray  will  be  affected  by  the  observer's 
motion  precisely  in  the  same  way  (within  very  narrow  limits)  as  it 
would  be  if  light  consisted  of  corpuscles  shot  off  from  a  luminous 
body,  as  Newton  supposed.  This 
is  the  case,  however,  as  Doppler 
and  others  have  shown ;  and  as- 
suming it,  the  explanation  of 
aberration  is  easy :  — 

Suppose  an  observer  standing 
at  rest  with  a  tube  in  his  hand  in 
a  shower  of  rain  where  the  drops 
are  falling  vertically.  If  he  wishes 
to  have  the  drops  descend  axially 
through  the  tube  without  touching 
the  sides,  he  must  of  course  keep 
it  vertical ;  but  if  he  advances  in 

any  direction,  he  must  draw  back  the  bottom  of  the  tube  by  an 
amount  which  equals  the  advance  he  makes  in  the  time  while  the 
drop  is  falling  through  the  tube,  so  that  when  the  drop  falling  from 
B  reaches  A\  the  bottom  of  the  tube  will  be  there  also ;  i.e.,  he  mtist 
incline  the  tube  forward  by  an  angle  a,  such  that  tan  a  =  i*  -^  F", 
where  V  is  the  velocity  of  the  raindrop  and  u  that  of  his  own  motion. 
In  Fig.  70  BA'=  V  and  AA'=:u. 

225.  Now  take  the  more  general  case. 
Suppose  a  star  sending  us  light  with  a 
velocity  V  in  the  direction  SP^  Fig.  71, 
which  makes  the  angle  $  with  the  line  of 
the  observer's  motion.  He  himself  is 
carried  by  the  earth's  orbital  velocity  in 
the  direction  QP.  In  |x>inting  the  tele- 
scope so  that  the  light  may  pass  exactly 
along  its  optical  axis,  he  will  have  to 
draw  back  the  eye-end  by  an  amount 
QP,  which  just  equals  the  distance  he  is 
carried,  by  the  earth's  motion  during  the 
time  that  the  light  moves  from  O  to  P,  The  star  will  thus  appar- 
ently be  displaced  towards  the  point  towards  which  he  is  moving, 
the  angle  of  displacement  POQ,  or  a,  being  determined  by  the  rela- 
tive length  and  direction  of  the  two  sides  OP  and  QP  of  the  triangle 


'Q  u      -up 

Fio.  71.  —  AberratioD  of  Light. 


142 


ABERRATION. 


OPQ.    These  sides  are  respectively  proportional  to  the  velocity  of 
light,  F,  and  the  orbital  velocity  of  the  earth,  u. 

The  angle  at  P  being  $,  the  angle  OQP  will  be  (^  — a),  and  we  shall 
have  from  trigonometry  the  proportion  sin  a :  sin  (^  —  a)  =  m  :  V, 

To  find  a  from  this,  develop  the  second  term  of  the  proportion  and  divide 
the  first  two  tenns  by  sin  a,  which  gives  ns 

1 :  sin  $  cot  a  —  cos  $=  u:  T, 

u  sin  0  cot  a  =  F+  M  cos  $, 

V-^ucoaO 


N\  hence 
and 


cota  = 


u  sin  $ 
'i'aking  the  reciprocal  of  this,  we  have 

tan  a  — 


u 


V  -f  wcos^ 


sin 


0. 


The  second  term  in  the  denominator  is  insensible,  since  u  is  only  about  one 
ten-thousandth  of  K,  so  that  we  may  neglect  it.^  This  gives  the  formula  in 
the  shape  in  which  it  ordinarily  appears,  viz., 

tana  =  --8in^. 

r 

The  value  of  a  (denoted  by  oo)  which  obtains  when  0  =  90®  and 
8in^  =  unity,  is  called  the  Constant  of  Aberration. 

The  latest,  and  probably  the  most  accurate,  determination  of  this 

constant  (derived  from  the  Pulkowa  Ob- 
c?^fe6  servations  by  Nyr^n  in  1882)  is  20".492. 
Aberration  was  discovered  and  explained 
by  Bradley,  the  English  Astronomer  Royal, 
in  1726. 

226.  The  Effect  of  Aberration  npon  the 
Apparent  Places  of  the  Stars. — As  the  earth 
moves  in  an  orbit  nearly  circular,  and  with 
a  velocity  so  nearly  uniform  that  we  may 
for  our  present  purpose  disregard  its  varia- 
tions, it  is  clear  that  a  star  at  the  pole  of 
the  ecliptic  will  be  always  displaced  by  the 
same  amount  of  20''.5,  but  in  a  direction 

1  The  velocity  of  light,  according  to  the  latest  determinations  of  Newcomb  and 
Michelson,  is  299800  kilometers  ±  30  kilometers  (which  equals  186,330  miles  ±20 
miles).  The  mean  velocity  of  the  earth  in  Its  orbit,  if  we  assume  the  solar 
parallax  to  be  8".8,  is  29.77  kilometers,  or  18.50  miles :  this  makes  the  constant 
of  aberration  20''.478,  a  little  smaller  than  that  given  in  the  text. 


B 

Fio.  72. 
Aberrational  Orbit  of  a  Star. 
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continaally  changing.  It  must,  therefore,  appear  to  describe  a 
little  circle  41"  in  diameter  during  the  year,  as  shown  in  Fig.  72. 
Now  the  direction  of  the  earth's  orbital  motion  is  always  in  the  plane 
of  the  ecliptic,  and  towards  the  right  hand  as  we  stand  facing  the 
sun.  At  the  vernal  equinox,  therefore,  we  are  moving  toward  the 
point  of  the  ecliptic,  which  is  90**  west  of  the  awn,  i.e.,  towards 
the  winter  solstitial  point,  and  the  star  is  then  displaced  in  that 
direction.  Six  mouths  later  the  star  will  be  displaced  in  a  line 
directed  towards  the  vernal  equinox,  and  so  on.  The  earth,  there- 
fore, so  to  speak,  drives  the  star  before  it  in  the  aberrational  orbit, 
keeping  it  just  a  quarter  of  a  revolution  ahead  of  itself. 

A  star  on  the  ecliptic  simply  appears  to  oscillate  back  and  forth  in 
a  straight  line  41"  long. 

Generally,  in  any  latitude  whatever,  the  aberrational  orbit  is  an 
ellipse,  having  its  major  axis  parallel  to  the  ecliptic,  and  always 
41"  long,  while  its  minor  axis  is  41"  x  sin  )9,  fi  being  the  star's  lati- 
tude,  or  distance  from  the  e^ptic. 

226*.  Diurnal  Aberration.  —  The  motion  of  an  observer  due  to  the 
earth's  rotation  also  produces  a  slight  effect  known  as  the  diurnal  aberration. 
Its  "constant"  is  only  0".31  for  an  observer  situated  at  the  equator;  any- 
where else  it  is  0".31  cos  if>,  if>  being  the  latitude  of  the  observer. 

For  any  given  star  it  is  a  maximum  when  the  star  is  crossing  the  merid- 
ian, and  then  its  whole  effect  is  slightly  to  increase  the  right  ascension  by  an 
amount  given  by  the  formula 

Aa  -  0".31  cos  <^  sec  S, 
S  being  the  star's  declination. 

See  Chauvenet,  *'  I^actical  Astronomy,"  I.  p.  638. 
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CHAPTER   VII. 

THE  MOON:  HER  ORBITAL  MOTION  AND  VARIOUS  KINDS  OP 
MONTH. —  DISTANCE  AND  DIMENSIONS,  MASS,  DENSITY  AND 
(iRAVITY.  —  ROTATION  AND  LIBRATIONS. — PHASES.  —  LIGHT 
AND  HEAT.  —  PHYSICAL  CONDITION  AND  INFLUENCES  EX- 
ERTED ON  THE  EARTrt.  —  TELESCOPIC  ASPECT.  —  SURFACE 
AND   POSSIBLE   (MIANGES    I'PON    IT. 

227.  We  pass  next  to  a  consideration  of  our  nearest  neighbor  in 
the  celestial  spaces,  the  moon,  which  is  a  satellite  of  the  earth  and 
accompanies  us  in  our  annual  motion  around  the  sun.  She  is  much 
smaller  than  the  earth,  and  compared  with  most  of  the  other  heav- 
enly bodies,  a  very  insignificant  affair ;  but  her  proximity  makes  her 
far  more  important  to  us  than  any  of  them  except  the  sun.  The 
very  beginnings  of  Astronomy  seem  to  have  originated  in  tiie  study 
of  her  motions  and  in  the  different  phenomena  which  she  causes, 
such  as  the  eclipses  and  tides ;  and  in  the  development  of  modera 
theoretical  astronomy  the  lunar  theory  with  tlie  problems  it  raises 
has  been  perhaps  the  most  fertile  field  of  invention  and  discovery. 

228.  Apparent  Motion  of  the  Moon.  —  Even  superficial  observa- 
tion shows  that  the  moon  moves  eastward  among  the  stars  every 
night,  completing  her  revolution  from  star  to  star  again  in  about  21  \ 
days.  In  other  words,  slie  revolves  around  the  earth  in  that  time  ;  or, 
more  strictly  speaking,  they  both  revolve  about  their  common  centre 
of  gravity.  But  the  moon  is  so  much  smaller  than  the  earth  that 
this  centre  of  gravity  is  situated  within  the  ball  of  the  earth  on  the 
line  joining  the  centres  of  the  two  bodies  at  a  point  about  1100 
miles  below  its  surface. 

As  the  moon  moves  eastward  so  much  faster  than  the  sun,  which 
takes  a  year  to  complete  its  circuit,  she  every  now  and  then,  at  the 
time  of  the  new  moon,  overtakes  and  passes  the  sun ;  and  as  the 
phases  of  the  moon  depend  upon  her  position  with  reference  to  the 
sun,  this  interval  from  new  moon  to  new  moon  is  what  we  ordinarily 
understand  as  the  month. 
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829.  Sidereal  and  Synodic  Sevolntions. —  T^e  Sidereal  revo- 
lution of 'the  moon  is  the  time  occupied  in  passing  from  a  star 
to  the  same  star  again ^  as  the  name  implies.  It  is  equal  to 
27*  7M3"  11*.545±0'.01,  or  27^32166.  The  moon's  mean  daily 
motion  among  the  stars  equals  360^  divided  by  this,  which  is 
13**  11'  (nearly). 

The  Synodic  revolutitm  is  the  interval  from  new  moon  to  new 
moon  again,  or  from  full  to  full.  It  varies  somewhat  on  account 
of  the  eccentricity  of  the  moon's  orbit  and  of  that  of  the  earth 
around  the  sun,  but  ite  mean  value  is  29**  12»»  44™  2«.684±0».01, 
or  29'*. 53059 ;  and  this  is  the  ordinary  month.  (The  word  syn- 
odic is  derived  from  the  Greek  <rw  and  6S09,  and  has  nothing  to 
do  with  the  nodes  of  the  moon's  orbit.  The  word  is  syn-odicy  not 
sy-nodic) . 

A  sy nodical  revolution  is  longer  than  the  sidereal,  because  during 
each  sidereal  month  of  27.3  days  the  sun  has  advanced  among  the 
stars,  and  must  be  caught  up  with. 

230.  Elongation,  Syzygy,  etc.  —  The  angular  distance  of  the  moon 
from  the  sun  is  called  its  Elongation.  At  new  moon  it  is  zero,  and 
the  moon  is  tlien  said  to  be  in  ^^  Conjunction/*  At  full  moon  it  is 
180®,  and  the  moon  is  then  in  "  Op}X)sition."  In  either  case  the 
moon  is  said  to  be  in  "  Syzygy"  (<rw  {vyw).  When  the  elongation 
is  90°,  as  at  the  half- moon,  the  moon  is  in  ''  Quadrature .*' 

231.  Determination  of  Synodic  Period.  —  This  is  effected  by  com- 
paring ancient  with  modern  eclipses  of  the  sun,  the  middle  of  an 
eclipse  as  seen  from  the  earth's  centre  being  the  instant  of  new 
moon.  The  earliest  authentically  recorded  eclipse  is  one  that  was 
observed  at  Nineveh  in  the  vear  763  B.C.  between  9  and  10  o'clock 
on  the  morning  of  June  15th.  Another  occurred  on  May  28,  B.C. 
585,  about  3  o'clock  in  the  afternoon,  during  a  battle  between  the 
Medes  and  Persians. 

By  comparing  the  earlier  of  these  with  (say)  the  eclipse  of  August, 
1887,  we  have  an  interval  of  more  than  35,000  months,  and  so  an 
error  of  ten  hours  even,  in  the  observed  time  of  the  Nineveh  eclipse, 
would  make  onlv  about  one  second  in  tlie  length  of  the  month.  Of 
course  an  error  of  a  single  hour  is  quite  impossible,  and  by  comparing 
the  mean  result  derived  from  many  such  ancient  eclipses  with 
modern,  the  ultimate  error  in  the  length  of  the  month  is  reduced 
to  a  very  minute  quantity. 
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232.    Relation  of  Sidereal  and  Synodic  Periods.  —  The  fraction  of 

a  revolution  described  by  the  moon  in  one  day  equals  — ,  M  being  the 

M  1 
length    of    the    sidereal   month.      In   the   same    way  ~  represents 

E 

the  earth's  daily  motion  in  its  orbit,  E  being  the  length  of  the  year. 
The  diflference  of  these  two  equals  the  fraction  of  a  revolution  which 
the  moon  gains  on  the  sun  during  one  day.     In  a  synodic  month,  /S^,  it 

gains  one  whole  revolution,  and  therefore  must  gain  each  day  -^oi  9k 

revolution  ;  so  that  we  have  the  equation 

M     E     S' 
or,  substituting  the  numerical  values  of  E  and  Sj 

J_ 1 ^         1 

M     865.25635      29.53059' 

whence  we  derive  the  value  of  M. 

Another  way  of  looking  at  it  is  this :  In  a  year  there  must  be  exactly  one 
more  sidereal  revolution  than  there  are  synodic  revolutions,  because  the  sun 
completes  one  entire  circuit  in  that  time.  Now  the  number  of  synodic  revo- 
lutions in  a  year  is  given  by  the  fraction 

252i=  12.369+. 
S 

There  will  therefore  be  13.369  sidereal  revolutions  in  the  year,  and  the 
length  of  one  sidereal  revolution  equals  365}  days  divided  by  this  number 
13.369,  which  will  be  found  to  give  the  length  of  the  sidereal  revolution 
before. 


233.  Moon*8  Path  among  the  Stars.  —  By  observing  with  the  me- 
ridian circle  the  right  ascension  and  declination  of  the  moon  daily 
during  the  mouth,  just  as  in  the  case  of  the  sun,  we  obtain  the  posi- 
tion of  the  moon  for  each  day,  and  joining  the  points  thus  found,  we 
can  draw  the  path  of  the  moon  in  the  sky.  It  is  found  to  be  a  great 
circle  inclined  at  a  mean  angle  of  5°  8'  to  the  ecliptic,  which  it  cats 
in  two  points  called  the  nodes  (from  nodus,  a  ''  knot "). 

We  say  the  path  is  found  to  be  a  great  circle.  This  must  be  taken 
with  some  reservation,  since  at  the  end  of  the  month  the  moon  never 
returns  precisely  to  the  position  it  occupied  at  the  beginning,  owing 
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to  the  regression  of  the  nodes  and  other  so-called  ^^  perturbations," 
which  will  be  discussed  hereafter. 

884.  Moon'i  Keridian  Altitade.  —  Since  the  moon's  orbit  is  inclined 
to  the  ecliptic  b^  8',  its  inclination  to  the  equator  varies  from  28°  36'  (23^  28' 
+  6°  8'),  when  the  moon's  ascending  node  is  the  vernal  equinox,  to  18°  20', 
when,  9 1  years  later,  the  same  node  is  at  the  autumnal  equinox.  In  the  first 
case  the  moon's  declination  will  change  during  the  month  by  57°  12', 
from  —  28°  36'  to  +  28°  36'.  In  the  other  case  it  will  change  only  by  36°  40', 
so  that  at  different  times  the  difference  in  the  behavior  of  the  moon  in 
this  respect  is  very  striking. 

236.  Inteiral  between  Koon's  Transits.  —  On  the  average  the  moon 
gains  12°  11 '.4  on  the  sun  daily,  so  that  it  comes  to  the  meridian  about 
51  minutes  of  solar  time  later  each  day. 

To  find  the  mean  interval  between  the  successive  transits  of  the 
moon  we  may  use  the  proportion 

(360**  -  12**  11 '.4)  :  360**  =  2A^:x;  whence  x=z2A^  50".6. 

The  variations  of  the  moon's  motion  in  right  ascension,  which  are 
veiy  considerable  (much  greater  than  in  the  case  of  the  sun),  cause 
this  interval  to  vary  from  24»»  38"  to  25^  06"". 


236.  The  Daily  Setardation  of  the  Moon's  Rising  and  Setting.  — 
The  average  daily  retardation  of  the  moon*s  rising  and  setting  is, 
of  course,  the  same  as  that  of  her  passage  across  the  meridian, 
viz.,  51°*;  but  the  actual  retardation  of  rising  is  subject  to  very 
much  greater  variations  than  those  of  the  meridian  passage,  being 
affected  by  the  moon's  changes  in  declination  as  well  as  by 
the  inequalities  of  her  motion  in  right  ascension.  When  the  moon 
is  very  far  north,  having  her  maximum  declination  of  28**  36^  she 
will  rise  in  our  latitudes  much  earlier  than  when  she  is  farther 
south. 

In  the  latitude  of  New  York  the  least  possible  daily  retardation 
of  moon-rise  is  23  minutes,  and  the  greatest  is  1  hour  and  17 
minutes.     In  higher  latitudes  the  variation  is  greater  yet. 

237.  Harvest  and  Hunter's  Moons.  —  The  variations  in  the  retarda- 
tion of  the  moon's  rising  attract  most  attention  when  they  occur  at  the  time 
of  the  full  moon.  When  the  retardation  is  at  its  minimum,  the  moon  rises 
soon  after  sunset  at  nearly  the  same  time  for  several  successive  evenings ; 
whereas,  when  the  retardation  is  greatest,  the  moon  appears  to  plunge  nearly 
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vertically  below  the  horizon  by  her  daily  motion.  When  the  full  moon 
occurs  at  the  time  of  the  autumnal  equinox,  the  moon  itself  will  be  near  the 
first  of  Aries. 

Now,  as  will  be  seen  by  reference  to  Fig.  73,  the  portion  of  the  ecliptic 
near  the  first  of  Aries  makes  a  much  smaller  angle  with  the  eastern  horizon 
than  the  equator. 

[The  line  HN  is  the  horizon,  E  being  the  east  point  —  the  figure  being 
drawn  to  represent  a  celestial  globe,  as  if  the  observer  were  looking  at  the 
eastern  side  of  the  celestial  sphere  from  the  outside,'] 

EQ  is  the  equator.  Now,  when  the  autumnal  equinoctial  point  or  first  of 
Libra  is  on  the  horizon  at  E,  the  position  of  the  ecliptic  will  be  that  repre- 
sented by  ED]  more  steeply  inclined  to  the  horizon  than  EQ  is,  by  the 
angle  QED^  23J°.    But  when  the  first  of  Aries  is  at  E,  the  ecliptic  will  be  in 


Fio.  73.  —  Explanation  of  the  Harvest  Moon. 

the  position  JJ'.  And  if  the  ascending  node  of  the  moon's  orbit  happens 
then  to  be  near  the  first  of  Aries,  the  moon's  path  will  be  MM\ 

Accordingly,  when  the  moon  is  in  Aries,  it,  so  to  speak,  coasts  along  the 
eastern  horizon  from  night  to  night,  its  time  of  rising  not  varying  very 
much;  and  this,  when  it  occurs  near  the  full  of  the  moon,  gives" rise  to  the 
phenomenon  known  as  the  harvest  moon,  the  harvest  moon  being  the  full  mo<m 
nearest  to  the  autumnal  equinox.  The  full  moon  next  following  is  called  the 
hunter* s  moon. 

In  Norway  and  Sweden,  under  these  circumstances,  the  moon's  orbit  may 
actually  coincide  with  the  horizon,  so  that  it  will  rise  at  absolutely  the  same 
time  for  a  considerable  number  of  successive  evenings. 

238.  The  Moon's  Orbit.  — As  in  the  case  of  the  sun,  the  observa- 
tion of  the  moon's  path  in  the  sky  gives  no  information  as  to  the  real 
size  of  its  orbit ;  but  its  form  may  be  found  by  measuring  the  appar- 
ent diameter  of  the  moon,  which  ranges  from  33'  30"  to  29'  21"  at 
different  points.  The  orbit  turns  out  to  be  an  ellipse  like  the  orbit 
of  the  earth,  but  with  an  eccentricity  more  than  three  times  as  great 
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—  alxnit  -^  on  the  average,  but  varying  from  i^  to  ^  on  aceoant  of 
perturbations. 

The  extremities  of  the  major  axis  of  the  moon's  orbit  are  called 
the  perigee  and  apogee  (from  irtpl  y^  and  dv6  yrj). 

The  line  of  apsides,  which  passes  through  these  two  points,  moves 
around  towards  the  east  once  in  about  nine  years,  also  on  account 
of  perturbations. 

239.  Parallax  and  DiBtance  of  the  Moon.  —  This  can  be  found  in 
several  ways,  of  which  the  simplest  is  the  following  :  At  two  observa- 
tories B  aud  C  (Fig.  74)  on,  or 
ver3'  nearly  on,  the  same  merid- 
ian and  very  far  apart  (in  the 
northern  aud  southern  hemi- 
spheres if  possible ;  Greenwich 
and  the  Cape  of  Good  Hope,  for 
instance)  let  the  moon's  zenith  Q\ 
distance  ZBM  and  Z'CM  be  ob- 
served simultaneously  with  the 
meridian   circle.     This  gives  in 

the  quadrilateral  BOCM  the  two     pio.  74.  -  DelermlMlion  of  the  Moon'i  PamlUx. 

angles    at   B   aud    C,  each  of 

which  is  the  supplement  of  the  measured  zenith  distance.  The 
angle  at  the  centre  of  the  earth,  BOC^  is  the  difference  of  the  geo- 
centric latitudes  and  is  known  from  the  geographical  positions  of 
the  two  observatories.  Knowing  the  three  angles  in  the  quadrilat- 
eral, the  fourth  at  M  is  of  course  known,  since  the  sum  of  the  four 
must  be  four  right  angles.  Tlie  sides  BO  and  CO  are  known,  being 
radii  of  the  earth ;  so  that  we  can  solve  the  whole  quadrilateral  by 
a  simple  trigonometrical  process. 

First  find  from  the  triangle  BOC  the  partial  angles  OCB  and  OBC^  and 
the  side  BC.  Then  in  the  triangle  BCM  we  have  BC  and  the  two  angles 
CBM  and  MCR,  from  which  we  can  find  the  two  sides  BM  and  CM. 
Finally,  in  the  triangle  OBM,  we  now  know  the  sides  OB  and  BM  and  the 
included  angle  OBM,  so  that  the  side  OM  can  be  computed,  which  is  the 
distiince  of  the  moon  from  the  earth *8  centre.  Knowing  this,  the  horizontal 
parallax  KMO,  or  the  semi-diameter  of  the  earth  as  seen  from  the  moon, 
follows  at  once. 

The  moon's  parallax  can  also  be  deduced  from  observations  at  a  single 
station  on  the  earth,  but  not  so  simply.  If  she  did  not  move  among  the 
stars,  it  would  \w  very  easy,  as  all  we  should  have  to  do  would  be  to  compare 
her  afnuirent  right  ascension  and  declination  at  different  points  in  her  diur- 
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nal  circle.  Near  the  eastern  horizon  the  parallax  (always  depreflsing  an  ob- 
ject) increases  her  right  ascension ;  at  setting,  vice  vena.  On  the  meridian 
the  declination  only  is  affected.  But  the  motion  of  the  moon  must  be  al- 
lowed for,  as  the  observations  to  be  compared  are  necessarily  separated  by 
considerable  intervals  of  time,  and  this  complicates  the  calculation. 

A  third,  and  a  very  accurate,  method  is  by  means  of  occultations  of 
stars,  observed  at  widely  separated  points  on  the  earth.  These  occultations 
furnish  the  moon's  place  with  great  accuracy,  and  so  determine  the  paral- 
lax very  precisely;  but  the  calculation  is  not  very  simple,  as  the  moon's 
motion  in  this  case  also  enters  into  it,  since  the  observations  cannot  be 
simultaneous. 

240.  The  Distance  of  fhe  Moon  is  oontinnally  changing  on  account 
of  the  eccentricity  of  its  orbit,  varying  all  the  way,  according  to  Nel- 
son, between  252,972  and  221,614  miles;  the  mean  distance  being 
238,840  miles,  or  60.27  times  the  equatorial  radius  of  the  earth. 
The  mean  parallax  of  the  moon  is  57'  2",  subject  to  a  similar  per- 
centage of  change.  This  value  of  the  parallax,  it  will  be  noted, 
indicates  that  the  earth,  as  seen  from  the  moon,  has  a  diameter  of 
nearly  2®. 

Knowing  the  size  of  the  moon's  orbit  and  the  length  of  the  month, 
the  velocity  of  her  motion  around  the  earth  is  easily  calculated.  It 
comes  out  2070  miles  per  hour,  or  about  3000  feet  a  second. 
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Fio.  75.  —  Mood's  Path  with  Reference  to  the  Sun. 


Fig.  76. 


Fie.  7T. 


False  Representations  of  Moon's  Motions. 


241.    Form  of  fhe  Koon^s  Orbit  wifh  Seferenoe  to  fhe  Snn. — 

While  the  moon  moves  in  a  small  elliptical  orbit  around  the  earth,  it 
also  moves  around  the  sun  in  company  with  the  earth.     This  common 
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motion  of  the  moon  and  earth,  of  course,  does  not  affect  their  relative 
motion;  but  to  an  observer  outside  the  system  the  moon's  motion 
around  the  earth  would  only  be  a  very  small  component  of  the  moon's 
movement  as  seen  by  him. 

The  distance  of  the  moon  from  the  earth,  289,000  miles,  is  very 
small  compared  with  that  of  the  earth  from  the  sun,  93,000,000  miles 
—  being  only  about  ^  part.  The  speed  of  the  earth  in  its  orbit 
around  the  sun  is  also  more  than  thirty  times  faster  than  that  of  the 
moon  in  its  orbit  around  the  earth,  so  that  for  the  moon  the  result- 
ing path  in  space  is  one  which  is  always  concave  towards  the  guny 
as  shown  in  Fig.  75.  It  is  not  like  Figs.  76  and  77,  as  often  rep- 
resented. If  we  represent  the  orbit  of  the  earth  by  a  circle  with  a 
radius  of  100  inches  (8  feet  4  inches) ,  the  moon  would  only  move 
out  and  in  a  quarter  of  an  inch,  crossing  the  circumference  twenty- 
five  times  in  going  once  around  it. 

242.  Diameter  of  the  Moon.  —  The  mean  apparent  diameter  of  the 
moon  is  31'  1",  This  gives  us  a  real  diameter  of  2163  miles  (plus  or 
minus  one  mile),  which  equals  0.273  of  the  earth's  diameter.  Since 
the  surfaces  of  globes  are  as  the  squares  of  their  diameters,  and  their 
volumes  as  their  cubes,  this  makes  the  surface  of  the  moon  0.0747  of 
the  earth's  (between  -j^  and  ^)  ;  and  the  volume  0.0204  of  the  earth's 
volume  (almost  exactly  ^)  ;  that  is,  it  would  take  49  balls  each  as 
large  as  the  moon  in  bulk  to  make  a  ball  of  the  size  of  the  earth. 

243.  Mass  of  the  Moon.  — This  is  about  ^  of  the  earth's  mass, 
different  authorities  giving  the  value  from  ^  to  ^.  It  is  not  easy 
to  determine  it  with  accuracy.  In  fact,  though  the  moon  is  the 
nearest  of  all  the  heavenly  bodies,  it  is  more  difficult  to  ''  weigh  "  her 
than  to  weigh  Neptune,  although  he  is  the  most  remote  of  the  planets. 

There  are  four  ways  of  approaching  the  problem:  (1)  (perhaps 
easiest  to  understand)  by  finding  the  position  of  the  commxm  centre  of 
gravity  of  the  earth  and  moon  with  reference  to  the  centre  of  the  earth. 
Since  it  is  this  common  centre  of  gravity  of  the  two  bodies  which 
describes  around  the  sun  the  ellipse  which  we  have  called  the 
earth's  orbit,  and  since  the  earth  and  moon  revolve  around  this 
common  centre  of  gravity  once  a  month,  it  follows  that  this  monthly 
motion  of  the  earth  causes  an  alternate  eastward  and  westward 
displacement  of  the  sun  in  the  sky,  which  can  be  measured.  At 
the  time  of  the  new  and  full  moon  this  displacement  is  zero,  the 
centre  of  gravity  being  on  the  line  which  joins  the  earth  and  sun ; 
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but  when  the  moon  is  at  quadrature  (that  is,  90°  from  the  san,  as  at 

the  time  of  half-moon),  the  son 


M, 


(A) 


is  apparently  displaced  in  the  sky 
Mitowards  the  moon^  as  is  evident 
from  Fig.  78.  It  will  be  about 
6''. 3  east  of  its  mean  place  at  the 
first  quai'ter  of  the  moon,  Fig.  78 
(£),and  as  much  west  at  the  time 
of  the  last  quarter,  Fig.  78  {A)  ; 
(i.e.,  when  the  angle  MOS  is  90% 
the  angle  MCS  is  always  less  than 
90°  by  6".3,  which  is  therefore  the 
value  of  the  angle  CSO),  Now 
since  the  parallax  of  the  sun 
(which  is  the  earth's  semi-diam- 
eter seen  from  the  sun  —  the 
angle  CSK)  is  about  8".8,  it  fol- 
lows that  the  distance  of  the  cen- 
tre of  gravity  of  the  eartii  and 
moon  from  the  centre  of  the 
earth  is  the  fraction  jj^  of  the 
earth  radius,  or,  about  2830  miles. 
This  is  just  about  -^  of  the  dis- 
tance from  the  earth  to  the  moon,  whence  we  conclude  that  the  mass 
of  the  earth  is  80  times  that  of  the  moon. 

244.  (2)  A  s(»cond  method  is  by  comparing  the  moon's  actual  period  ynih. 
the  computed  period  which  a  single  particle  at  the  moon's  distance  from  the  earth 
ought  to  have,  according  to  the  known  force  of  gravity  of  the  earth,  as  deter- 
mined by  pendulum  experiments.  The  explanation  of  this  method  cannot 
be  given  until  we  have  further  studied  the  motion  of  bodies  under  the  law 
of  gravitation. 

(3)  Still  another  method  is  by  comparing  the  tides  produced  by  the  moon 
with  those  produced  hy  the  sun.  This  gives  us  the  mass  of  the  moon  as  com- 
pared with  that  of  the  sun ;  and  the  mass  of  the  sun  compared  with  that  of 
the  earth  being  known,  it  gives  us  ultimately  the  mass  of  the  moon  com- 
pared with  that  of  the  earth.  This  is  evidently  a  very  roundabout  method, 
like  going  from  New  York  to  Philadelphia  by  way  of  Chicago. 

(4)  The  ratio  of  the  moon's  mass  to  the  sun's  can  also  be  computed  from 
the  nutation  of  the  earth's  axis.     (See  Chap.  XIII.) 

246.  No  other  satellite  is  nearly  as  large  as  the  moon,  in  comparison 
with  its  primary  planet.     The  earth  and  moon  together,  as  seen  from  a 


FiQ.  78. 

Apparent  Displacement  of  San  at  First  and 
Third  Quarters  of  the  Month. 
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distant  star,  are  really  in  many  respects  more  like  a  double  planet  than  like 
a  planet  and  satellite,  as  ordinarily  proportioned  to  each  other.  At  a  time, 
for  instance,  when  Venus  happens  to  be  near  the  earth,  at  a  distance  of 
about  twenty-five  millions  of  miles,  the  earth  to  her  would  appear  just  about 
as  bright  as  Venus  at  her  best  does  to  us ;  and  the  moon  would  be  about  as 
bright  as  Sirius,  at  a  distance  of  about  half  a  degree  from  the  earth. 

246.  Density  and  Snporficial  Gravity  of  the  Moon.  —  Since  the 

mass 
density  of  a  body  is  equal  to ,  the  density  of   the  moon   as 

volume 
compared  with  that  of  the  earth  is  found  from  the  fraction 

A           0.012.') 
M,  or    • 

;j»Y  0.0204 

This  makes  the  moon's  density  0.613  of  the  eailh's  density,  or 
about  3-j^  the  density  of  water  —  somewhat  above  the  average  den- 
sity of  the  rocks  which  compose  the  crust  of  the  earth. 

This  small  density  of  the  moon  is  not  surprising,  nor  at  all  inconsistent 
with  the  belief  that  it  once  formed  part  of  the  same  mass  with  the  earth, 
since  if  such  were  the  case,  the  moon  was  probably  formed  by  the  separation 
of  the  outer  portions  of  that  mass,  which  would  be  likely  to  have  a  smaller 
specific  gravity  than  the  rest.  It  appears  to  be  the  general  rule  that  satel- 
lites are  less  dense  than  their  primaries ;  though  not  without  exception,  as  in 
the  case  of  Titan,  the  largest  of  the  satellite's  of  Saturn. 

247.  The  superficial  gravity^  or  the  attraction  of  the  moon  for  bod- 
ies at  its  own  surface,  may  be  found  by  the  equation 

r^ 

in  which  9'  signifies  the  sui)erficial  gravity  of  the  moon,  g  is  the  force 
of  gravity  of  the  earth,  while  m  and  r  are  the  mass  and  radius  of  the 
moon  as  compared  with  those  of  the  earth.     This  gives  us 

^  0.0125 

q  ='f  X , 

0.0747 

or  (very  approximately)  g'  equals  one-sixth  of  g  ;  that  is,  a  body  which 
weighs  six  pounds  on  the  earth's  surface  would  at  the  surface  of  the 
moon  weigh  only  one  (in  a  spring  balance).  A  man  on  the  moon 
could  jump  six  times  as  high  as  he  could  on  the  earth  and  could  throw 
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a  stone  six  times  a»  far.  This  is  a  fact  to  be  remembered  in  eonnco- 
tion  with  the  enormous  scale  of  the  surfaee-stmeture  of  the  moon. 
Volcanic  forces,  for  instance,  upon  the  moon  would  throw  the  rejected 
materials  to  a  vastly  greater  distance  there  than  on  the  earth. 


248.    Rotation  of  the  Moon.  — The  moon  rotates  on  its  axis  once  a 

month,  in  precisely  the  same  time  as  that  occu- 
pied by  its  revolution  around  the  earth.  In  the 
long  run  it  therefore  keeps  the  same  side  always 


£i 


O 


-crJ  towards  the  earth:  we  see  to-day  precisely  the 
same  face  and  aspect  of  the  moon  as  Galileo  did 
when  he  first  looked  at  it  with  his  telescope,  and 
the  same  will  continue  to  be  the  case  for  thousands 
of  years  more,  if  not  forever. 


Li  It  is  difficult  for  some  to  see  why  a  motion  of  this 

Fio.  79.  gQj-t  should  be  considered  a  rotation  of  the  moon,  since 

it  is  essentially  like  the  motion  of  a  ball  carried  on  a 
revolving  crank.  See  Fig.  79.  Such  a  ball,  they  say,  "  revolves  around  the 
shaft,  but  does  not  rotate  on  its  own  axis."  It  does  rotate,  however.  The 
shaft  being  vertical  and  the  crank  horizontal,  suppose  that  a  compass 
needle  be  substituted  for  the  ball,  as  in  Fig.  80.  The  pivot  turns  under- 
neath it  as  the  crank  whirls,  but  the  compass 

needle  does  not  rotate,   maintaining    always      PI  -^ 

its  own  direction  with  the  marked  end  north.  (L 

On  the  other  hand,  if  we  mark  one  side  of 
the  ball  (in  the  preceding  figure),  we  shall 
find  the  marked  side  presented  successively  to 
every  point  of  the  compass  as  the  crank  re- 
volves, so  that  the  ball  as  really  turns  on  its  ^XT 
own  axis  as  if  it  were  whirling  upon   a  pin  Fio.  80. 

fastened  to  a  table.  The  ball  has  two  dis- 
tinct motions  by  virtue  of  its  connection  with  the  crank :  Jirst,  the  motion 
of  translation,  which  carries  its  centre  of  gravity,  like  that  of  the  compass 
needle,  in  a  circle  around  the  axis  of  the  shaft;  secondly,  an  additional 
motion  of  rotation  around  a  line  drawn  through  its  centre  of  gravity  parallel 
to  the  shaft. 

248*.  Definition  of  Botation.  —  A  body  ''rotates'*  whenever  a  line 
drawn  from  its  centre  of  gravity  outward,  through  any  point  selected  at  random 
in  its  mass,  describes  a  circle  in  the  heavens.  In  every  rotating  body,  one  such 
line  can  be  so  drawn  that  the  circle  described  by  it  in  the  sky  becomes  in- 
finitely small.  This  is  the  axis  of  the  body.  Another  set  of  points  can  be 
found  such  that  lines  drawn  from  the  centre  of  gravity  outward  through 
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them  describe  a  great  circle  in  the  sky  90°  distant  from  the  point  pierced 
by  the  axis,  and  these  points  constitute  the  equator  of  the  body. 

249.  LibrationB  of  the  Hoon.  —  1.  Libration  in  Latitude.  The  axis 
of  revolution  of  the  moon  is  not  perpendicular  to  its  orbit.  It  makes 
a  constant  angle  of  about  1^°  with  the  ecliptic,  and  the  moon's  equator 
is  so  placed  that  it  is  always  edge-wise  to  the  earth  when  the  moon  is 
at  her  node,  being  maintained  in  that  position  by  an  action  of  the  earth, 
which  produces  a  precessional  motion  of  the  moon's  axis.  The  angle 
between  the  moon's  axis  and  the  plane  of  her  orbit,  therefore,  is  1  J^°  4- 
the  inclination  of  the  moon's  orbit,  which  together  make  up  an  angle 
of  a  little  more  than  G^^ ;  but,  as  the  inclination  of  the  moon's  orbit 
to  the  ecliptic  is  constantly  varying  slightly,  this  inclination  of  the 
moon's  axis  to  her  orbit  also  changes  correspondingly.  This  inclina- 
tion of  the  moon's  axis  produces  changes  in  the  aspect  of  the  moon 
towards  the  earth  similar  to  those  produced  by  the  inclination  of  the 
earth's  axis  towards  the  ecliptic.  At  one  time,  just  as  the  north  pole 
of  the  earth  is  turned  towai'ds  tiie  sun,  so  also  the  north  pole  of  the 
moon  is  tipped  towards  the  earth  at  an  angle  of  6}^,  and  in  the  oppo* 
site  half  of  the  moon's  orbit  the  south  pole  is  similarly  presented  to 
us.  In  consequence  we  alternately  look  over  the  northern  and  southern 
portions  of  the  moon's  disc. 

The  period  of  this  libration  is  the  time  of  the^inoon's  revolution  from 
node  to  node,  called  a  nodical 
revolution.  This  is  27.21  days  — 
about  2  hours  and  38  minutes 
shorter  than  the  sidereal  revo» 
lution  of  the  moon,  since  the 
nodes  always  move  westward, 
completing  the  circuit  in  about 
19  years. 


250.  2.  Libration  in  Lon- 
gitude, The  moon's  orbit 
being  eccentric,  she  moves 
faster  when  near  perigee, 
and  slower  when  near  apo- 
gee ;  half-way  between  peri- 
gee and  apogee  she  is  more 
than  6°  ahead  of  the  position 
she  would  have  if  she  had  moved  with  the  mean  angular  velocity. 
Now  the  rotation  is   uniform.      A  i)oint,  ther^^fore,  on  the   moon's 


Fio,  81.  —  The  Libration  In  Longitude. 
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surface  which  is  directed  toward  the  earth  at  perigee  will  not 
have  revolved  far  enough  to  keep  it  directed  toward  the  earth  when 
she  is  half-way  {in  time)  between  perigee  and  apogee,  as  is  evident 
from  Fig.  81.  For  in  tlie  quarter-month  next  following  the  perigee, 
the  moon  will  travel  to  a  point  M,  considerably  more  than  half-way  to 
apogee.  But  the  point  a  will  have  only  made  one  quarter-turn,  which 
is  not  enough  to  bring  it  to  the  line  ME.  We  shall  therefore  see  a  little 
around  the  western  edge.  Similarly  on  the  other  side  of  the  orbit, 
half-way  between  apogee  and  perigee,  we  shall  look  around  the  eastern 
edge  to  the  same  extent  At  perigee  and  apogee  both,  the  libration 
is,  of  course,  zero.  The  amount  of  this  libration  is  evidently  at  any 
moment  just  the  same  as  that  of  the  so-called  ^^  equation  of  the  centre," 
which,  it  will  be  remembered,  is  the  difference  between  the  mean  and 
true  anomalies  of  the  moon  at  any  moment.  Its  maximum  poBsible 
value  is  7°45'. 

The  period  of  this  libration  is  the  time  it  takes  the  moon  to  go  aroond 
from  perigee  to  perigee — the  so-called  anomalistic  revolution,  which  is  27.555 
days,  about  5  hours  and  36  minutes  longer  than  the  sidereal  month,  and  8 
hours  14  minutes  longer  than  the  moon's  nodical  revolution,  which  deter- 
mines the  libration  in  latitude. 

The  cause  of  the  increased  length  of  the  anomalistic  revolution  is  of 
course  the  fact  that  the  line  of  apsides  continually  advances  eastward,  mak- 
ing one  revolution  every  nine  years. 

261.  3.  Diurnal  Libration.  This  is  strictly  a  libration  not  of  the 
moon,  but  of  the  observer ;  still,  as  far  as  the  aspect  of  the  moon 
goes,  the  effect  is  precisely  the  same  as  if  it  were  a  true  lunar  libra- 
tion. The  moon's  motions  have  reference  to  the  earth's  centre.  We, 
on  the  surface  of  the  earth,  look  down  over  the  western  edge  of  the 
moon  when  it  is  rising,  and  over  the  eastern  when  it  is  setting,  by 
an  amount  which  is  equal  to  the  semi-diameter  of  the  earth  as  seen 
from  the  moon  ;  that  is,  about  one  degree  (the  moon's  parallax). 

On  the  whole,  taking  all  three  librations  into  account,  we  see  con- 
siderably more  than  half  the  moon,  the  portion  which  never  disappears 
being  about  forty-one  per  cent  of  the  moon's  surface,  that  never  visi- 
ble also  forty-one  per  cent,  while  that  which  is  alternately  visible  and 
invisible  is  eighteen  per  cent. 

252.  The  agreement  between  the  moon's  time  of  rotation  and  of 
her  orbital  revolution  cannot  be  accidental.  It  is  probably  due  to  the 
action  of  the  earth  on  some  slight  protuberance  on  the  moon's  surface, 


THE  moon's  phases.  157 

«tMl<^as  to  a  tidal  wave  If  the  moon  were  ever  plastic,  such  a 
bulge  mast  have  been  formed  oD  the  aide  of  the  moon  ucxt  the  earth, 
and  would  serve  as  the  handle  by  which  the  earth  always  keeps  the 
same  face  of  the  moon  towards  herself.  This  subject  will  be  re- 
sumed lat«r. 

253.  Th«  PhuM  of  tJie  Moon.  —  Since  tlie  moon  is  an  opaqne 
globe,  shining  entirely  by  reflected  light,  we  can  see  only  that  hemi- 
sphere of  her  surface  which  happens  to  be  illuminated,  and  of  course 


only  that  part  of  the  illuminated  hemisphere  which  is  at  the  time  turned 
towards  the  earth.  At  new  moon,  when  the  moon  is  between  the 
earth  and  the  sun,  the  dark  side  ia  towartls  us,  A  week  later,  at  the 
end  of  the  first  quarter,  half  of  the  illuminated  hemisphere  is  seen, 
and  we  have  tlie  half  moon,  just  as  we  do  a  week  after  the  full.  Be- 
tween the  new  moon  and  the  half  moon,  during  tne  first  and  last 
quarters  of  the  lunation,  we  see  less  than  half  of  the  illuminat«d  por- 
tion, and  then  have  the  "crescent"  phase.    See  Fig.  82  (in  which  the 
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light  is  supposed  to  come  from  a  point  far  above  the  moon's  orbit) . 
Between  the  half  moon  and  the  full,  during  the  second  and  third 
quarters  of  the  lunation,  we  see  more  than  half  of  the  moon's  illumi- 
nated side,  and  have  what  is  called  the  ''gibbous"  phase. 

Since  the  terminator  or  line  which  separates  the  dark  portion  of  the 
disc  from  the  bright  is  always  a  semi-ellipse  (being  a  semi-circle  viewed 
obliquely) ,  the  illuminated  surface  is  always  a  figure  made  up  of  a 
semi-circle  plus  or  minus  a  semi-elVqyse^  as  shown  in  Fig.  83,  A, 

It  is  soinetiiiies   incorrectly   attempted  to   represent   the   crescent  form 

by  a  construction  like  Fig.  83,  B  (where  a 
smaller  circle  is  cut  by  a  larger  one).  It  is 
to  be  noticed  that  ahj  the  line  which  joints 
the  cusps,  is  always  perpendicular  to  the  line 
directed  to  the  sun,  and  the  horns  are  always 
turned  away  from  the  sun;  so  that  the  precise 
position  in  which  they  will  stand  at  any  time  is 
always  predictable,  and  has  nothing  whatsoever 
to  do  with  the  weather.  Artists  are  sometimes  careless  in  the  maimer  in 
which  they  introduce  the  moon  into  landscapes.  One  occasionally  sees  the 
moon  near  the  horizon  with  the  horns  turned  downward.%  a  piece  of  drawing 
fit  to  go  with  Hogarth's  barrel  which  shows  both  its  heads  at  once. 

254.  Earth-Shine  on  the  Moon. — Near  the  time  of  new  moon  the  whole 
disc  of  the  satellite  is  easily  visible,  the  portion  on  which  sunlight  does  not  fall 
being  illuminated  by  a  pale  ruddy  light.  This  light  is  earth-shine,  the  earth 
as  seen  from  the  moon  being  then  nearly  full ;  for  seen  from  the  moon  the  earth 
shows  all  the  phases  that  the  moon  does,  the  earth's  phase  in  every  case  being 
exactly  supplementary  to  that  of  the  moon  as  seen  by  us. 

As  the  earth  has  a  diameter  nearly  four  times  that  of  the  moon,  the  earth- 
shine  at  any  phase  would  be  about  thirteen  times  as  strong  as  moonlight,  if 
the  reflective  power  of  the  earth's  surface  were  the  same.  Probably,  taking 
the  clouds  and  snow  into  account,  the  earth's  surface  on  the  whole  is  rather 
more  brilliant  than  the  moon's,  so  that  near  new  moon  the  earth-shine,  by 
which  the  dark  side  of  the  moon  is  then  illuminated,  is  from  fifteen  to 
twenty  times  as  strong  as  full  moonlight.  The  ruddy  color  is  due  to  the 
fact  that  light  sent  to  the  moon  from  the  earth  has  twice  penetrated  our 
atmosphere  and  so  has  acijuired  the  sunset  tinge. 

255.  Physical  Characteristics  of  the  Moon.  —  1.  Ita  Atmosphere. 
The  moon's  atmosphere,  if  it  has  any  at  all,  is  extremely  rare,  prob- 
ably not  producing  a  barometric  pressure  to  exceed  ^^  of  an  inch 
of  mercury,  or  ^^^  of  the  pressure  at  the  earth's  surface.  The 
evidence  on  this  point  is  twofold. 
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(a)  The  telescopic  appearance.  The  parts  of  the  moon  near  the 
edge  of  the  disc,  which,  if  there  were  anj'  atmosphere,  would  be 
seen  through  its  greatest  possible  depth,  are  seen  without  the  least 
distortion :  there  is  no  haze,  and  all  shadows  are  perfectly  black. 
There  is  no  sensible  twilight  at  the  cusps  of  the  moon  ;  no  evidences 
of  clouds  or  storms,  or  anything  like  atmospheric  phenomena. 

(b)  TJie  absence  of  refraction  when  the  moon  intervenes  between 
us  and  any  more  distant  object.  For  instance,  at  an  eclipse  of  the 
sun  there  is  no  distortion  of  the  sun's  limb  where  the  moon  cuts  it, 
nor  any  ring  of  light  running  out  on  the  edge  of  the  moon  like  that 
which  encircles  the  disc  of  Venus  at  the  time  of  a  transit.  The  most 
striking  evidence  of  this  sort  comes,  however,  from  occultations  of 
the  stars.  When  the  moon  hides  a  star  from  sight,  the  phenome- 
non, if  it  occurs  at  the  moon's  dark  edge,  is  an  exceedingly  striking 
one.  The  star  retains  its  full  brightness  in  the  field  of  the  tele- 
scope until  all  at  once,  without  the  least  warning,  it  simply  is  not  there, 
the  disappearance  generally  being  absolutely  instantaneous.  Its  reap- 
pearance is  of  the  same  sort,  and  still  more  startling.  Now  if  the 
moon  had  an}*  i)erceptible  atmosphere  (or  the  star  any  sensible  diam- 
eter) the  disappearance  would  be  gradual.  The  star  would  change 
color,  become  distorted,  and  fade  away  more  or  less  gradually. 

Tlic  spectroscope  adds  its  evidence  in  the  same  direction.  There  is 
no  modification  of  tiie  spectrum  of  the  star  in  any  respect  at  the  time 
of  its  disappearance  ;  and  we  may  add  that  the  spectrum  of  moonlight 
is  identical  with  that  of  sunlight  pure  and  simple,  there  being  no 
traces  of  any  effect  whatever  produced  u|>on  the  sunlight  by  its  re- 
flection from  tlie  moon,  nor  any  signs  of  its  having  passed  through 
an  atmosphere. 

256.  The  time  during  which  a  star  would  be  hidden  behind  the 
moon  would  also  be  decreased  bv  the  refraction  of  anv  sensible 
atmosphere,  making  the  observed  duration  of  an  occultation  less 
than  that  computed  from  the  known  diameter  of  the  moon  and  its  rate 
of  motion.  The  Greenwich  observations  ax^tuaUy  show  such  a  differ- 
ence^ amounting  to  al)out  tico  seconds  of  time.  This  may  iK)ssibly  be 
due  in  some  part  to  the  action  of  a  rea!^  but  exceedingly  rare,  lunar 
atmosphere  ;  for  if  tlie  whole  phenomenon  were  due  simply  to  atmos- 
pheric action,  it  would  indicate  an  atmosphere  having  a  density  about 
T>  oViy  V^^^  ^^  ^^^  own,  —  far  within  the  limits  which  were  stated  above. 
But  the  difference  may  be,  and  very  probably  is,  attributable,  in  part 
at  least,  to  a  slight  error  in  the  measured  diameter  of  the  moon,  due  to 
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irradiation :  the  diameter  of  a  bright  object  always  appears  a  little 
larger  than  it  really  is.  An  error  of  about  2"  of  this  sort  would 
explain  the  whole  discrepancy,  without  any  need  of  help  from  an 
atmosphere. 

257.  What  has  become  of  the  Moon's  Atmosphere.  —  if  the  moon 

ever  formed  a  part  of  the  same  mass  as  the  earth,  she  must  once  have  had 
an  atmosphere.  There  are  a  number  of  possible  and  more  or  less  probable 
hypotheses  to  account  for  its  disappearance.  It  has  been  surmised  (1 )  that 
there  may  be  great  cavities  left  within  the  moon*s  mass  by  volcanic  erup- 
tions, and  that  the  rocks  themselves  have  been  transformed  into  a  sort  of 
pumice-stone  structure,  and  that  the  air  has  retired  into  these  internal 
cavities. 

(2)  That  the  air  has  been  absorbed  by  the  inner  lunar  rocks  in  cooling.  A 
heated  rock  expels  any  gases  that  it  may  have  absorbed ;  but  if  it  afterwards 
cools  slowly,  it  reabsorbs  them,  and  can  take  up  a  very  great  quantity.  The 
earth's  core  is  supposed  to  be  now  too  intensely  heated  to  absorb  much  gas ; 
but  if  it  goes  on  cooling,  it  will  absorb  more  and  more,  and  in  time  it  may 
rob  the  surface  of  the  earth  of  all  its  air.  There  are  still  other  hypotheses, 
which  we  can  not  take  space  even  to  mention. 

258.  Water  on  the  Moon's  Surface.  —  Of  course  without  an  atmos- 
phere there  can  be  no  water,  since  the  water  would  immediately  evap- 
orate and  form  an  atmosphere  of  water  vapor  if  there  were  no  air 
present.  It  is  not  impossible,  however,  or  even  improbable,  that 
solid  water,  that  is,  ice  and  snow,  may  exist  on  the  moon's  surface 
at  a  temperature  too  low  for  any  sensible  evaporation.  There  are 
many  things  in  the  moon's  appearance  that  seem  to  indicate  the  for- 
mer existence  of  seas  and  oceans  on  her  surface,  and  the  same 
hypotheses  have  been  suggested  to  account  for  their  disappearance 
that  were  suggested  in  the  case  of  the  moon's  atmosphere.  It  may 
be  added  also  that  many  kinds  of  molten  rock  in  crystallizing  would 
take  up  large  quantities  of  water  of  crystallization,  not  merely  ab- 
sorbed as  a  sponge  absorbs  water,  but  chemically'  united  with  the  other 
constituents  of  the  rock.  In  whatever  way,  however,  it  may  have 
come  about,  it  is  certain  that  noio  no  substances  that  are  gaseous,  or 
that  can  be  evaporated  at  low  temperatures,  exist  in  any  quantity  on 
the  moon^s  surface  —  at  least,  not  on  our  side  of  the  moon. 

There  have  been  speculations  that  on  the  other  side  —  that  celestial  coun- 
try so  near  us  and  so  absolutely  concealed  from  us  —  there  may  be  ah*  and 
water  and  abundant  life ;  the  idea  being  that  our  side  of  the  moon  is  a  great 
table  land  many  miles  in  elevation,  while  the  other  side  is  a  corresponding 
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depression,  like  the  valley  of  the  Caspian  Sea,  only  vastly  deeper.  An  in- 
sufficiently grounded  conclusion  of  Hansen's,  that  the  centre  of  gravity  of 
the  moon  is  some  thirty  miles  farther  from  us  than  its  centre  of  figure,  for  a 
time  gave  color  to  the  idea,  but  it  is  now  practically  abandoned,  Hansen's 
conclusion  having  been  shown  to  be  unwarranted  by  the  facts. 

259.  The  Moon*s  Light.  —  As  to  quality  it  is  simple  sunlight,  show- 
ing a  spectrum  which,  as  has  been  said,  is  identical  in  every  detail 
with  that  of  light  coming  directly  from  the  sun.  Its  brightness  as 
compared  with  that  of  sunlight  is  difficult  to  measure  accurately,  and 
different  experimenters  have  found  results  for  the  ratio  between  full 
moonlight  and  sunlight  ranging  all  the  way  from  i^^^^^  (Bouguer) 
to  ^^^^^^  (Wollaston).  The  value  now  usually  accepted  is  that 
determined  by  Zollner,  viz.,  i^T^ir^Tr*  According  to  this,  if  the  whole 
visible  hemisphere  were  packed  with  full  moons,  we  should  receive 
from  it  about  one-eighth  part  of  the  light  of  the  sun. 

It  is  found,  abu,  that  the  half  moon  does  not  give  even  nearly  half  as 
much  light  as  the  full  moon.  The  law  which  connects  the  phase  of  the 
moon  with  the  amount  of  light  given  at  the  time,  is  rather  complicated,  but 
the  gist  of  the  matter  is  that  at  any  time,  except  at  the  full,  the  visible  sur- 
face is  more  or  less  darkened  by  the  shadows  cast  by  the  irregularities  of  the 
surface.  Zbllner  has  calculated  that  an  average  angle  of  52^  for  these  eleva- 
tions and  depressions  would  account  for  the  law  of  illuminations  actually 
observed. 

The  average  "  albedo^'*  or  reflecting  power  of  the  moon's  surface, 
Zollner  states  as  0.174;  that  is,  the  moon's  surface  reflects  a  little 
more  thun  oiie-sixfh  part  of  the  light  that  falls  u[)on  it.  This  is  about 
the  albedo  of  a  rather  light-colored  sandstone,  and  agrees  well  with 
the  estimate  of  Sir  John  Herschel,  who  found  the  moon  to  be  very 
exactly  of  the  same  brightness  as  the  rock  of  Table  Mountain  when 
it  was  setting  behind  it,  illuminated  as  were  the  rocks  themselves  by 
the  light  of  the  rising  sun.^  There  arc,  however,  great  variations  in 
the  bri<xhtuess  of  different  i)ortion8  of  the  moon's  surface.  Some 
spots  arc  nearly  as  white  as  snow  or  salt,  and  others  as  dark  as 
slate. 

260.  Heat  of  the  Moon.  —  For  a  long  time  it  was  impossible  to 
detect  the  moon's  heat.  It  is  too  feeble  to  l)e  detected  by  the  most 
deli<'ate  mercurial  thermometer  even  when  concentrated  by  a  large 
lens.     Tiie  thst  sensible  effect  was  obtained  by  Mclloni,  in  1846, 
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with  the  then  newly  invented  thermopile,  by  a  series  of  observations 
from  the  summit  of  Vesuvius.  Since  then  several  physicists  have 
worked  upon  the  subject  with  more  or  less  success,  but  the  most  re- 
cent and  reliable  investigations  are  those  of  Lord  Bosse  and  Profes- 
sor Langley.  With  modern  apparatus  there  is  no  difficulty  in  detect- 
ing the  heat  in  the  lunar  radiations,  but  measurements  are  extremely 
difficult  and  liable  to  error.  A  considerable  percentage  of  the  lunar 
heat  seems  to  be  heat  simply  reflected  (like  light),  while  the  rest, 
perhaps  three-fourths  of  the  whole,  is  ^^  obscure  heat";  that  is,  heat 
which  has  been  first  absorbed  by  the  moon's  surface  and  then  radiated^ 
like  the  heat  from  a  brick  surface  that  has  been  warmed  by  sunshine. 
This  is  shown  by  the  fact  that  a  comparatively  thin  plate  of  glass 
cuts  off  some  86  per  cent  of  the  heat  received  from  the  moon  in  the 
same  way  that  it  does  the  heat  of  a  stove,  while  the  heat  of  direct 
sunlight,  or  of  an  electric  arc,  would  pass  through  the  same  plate 
with  very  little  diminution.  The  same  thing  appears  also  from  direct 
measurements  upon  the  heat-^pec^rum  of  the  moon  made  by  Langley 
with  his  bolometer,  described  further  on.     (Art.  343.) 

261.  As  to  the  temperature  of  the  moorCs  surface,^  it  is  difficalt  to 
affirm  much  with  certainty.  On  one  hand,  the  lunar  rocks  are  exposed 
to  the  sun's  rays  in  a  cloudless  sky  for  fourteen  days  at  a  time,  so 
that  if  they  were  blanketed  by  air  like  our  own  rocks  they  would  cer- 
tainly become  intensely  heated.  A  few  years  ago.  Lord  Bosse  in- 
ferred from  his  observations  that  the  temperature  of  the  lunar  surface 
rose  at  its  maximum  (about  three  days  after  full  moon)  far  above 
that  of  boiling  water. 

But  his  own  later  investigations  and  those  of  Langley  throw  greats 
doubt  on  this  conclusion.  There  is  no  air-blanket  at  the  moon's 
surface  to  prevent  it  from  losing  heat  as  fast  as  it  receives  it ;  and 
it  now  sectns  rather  more  probable  that  the  temperature  never  rises 
above  the  freezing-point  of  water,  as  is  the  case  on  the  highest  of 
our  mountains,  where  there  is  perpetual  ice,  and  the  temperature  is 
always  low  even  at  noon.  So  far  as  we  can  judge,  the  condition  of 
things  on  the  moon's  surface  must  correspond  to  an  elevation  many 
times  higher  than  any  mountain  on  the  earth ;  for  no  terrestrial  moan- 
tain  is  so  high  that  the  density  of  the  air  at  its  summit  is  even  nearly 
as  low  as  that  of  the  densest  supposable  lunar  atmosphere. 

This  idea,  that  the  temperature  is  low,  is  borne  out,  also,  by  the 
fact  that  the  bolometer  shows  the  presence,  in  the  lunar  radiations, 
of  a  considerable  quantity  of  heat  having  a  wave-length  greater  than 
that  of  the  heat  radiated  from  a  block  of  ice. 
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At  the  end  of  the  long  lunar  night  of  fourteen  days  the  tempera- 
ture must  fall  appallingly  low,  certainly  200°  below  zei*o. 

The  whole  amount  of  heat  sent  by  the  Hill  moon  to  the  earth  is 
estimated  by  Rosse  as  about  one  eighXy-thousandth  part  of  that  sent  by 
the  sun. 

262.  Lunar  Inflnenees  on  the  Earth.  —  The  moon's  attraction  co- 
operates with  that  of  the  sun  in  producing  tides,  of  which  we  shall 
speak  hereafter.  There  are  also  certain  distinctly  ascertained  dis- 
turbances of  terrestial  magnetism  connected  with  the  approach  and 
recession  of  the  moon  at  peiigee  and  apogee ;  and  this  ends  the 
chapter  of  ascertained  lunar  influences. 

The  multitude  of  current  beliefs  as  to  the  controlling  influence  of  the 
moon's  phases  and  changes  over  the  weather  and  the  various  conditions  of 
life  are  mostly  unfounded,  and  in  the  strict  sense  of  the  word  **  supersti- 
tions," —  mere  survivors  from  a  past  credulity. 

It  is  quite  certain  that  if  there  is  any  influence  at  all  of  the  sort  it  is  ex- 
tremely slight — so  slight  that  it  cannot  be  demonstrated  with  certainty, 
although  numerous  investigations  have  been  made  expressly  for  the  purpose 
of  detecting  it.  We  have  never  been  able  to  ascertain,  for  instance,  with 
certainty,  whether  it  is  warmer  or  not,  or  less  cloudy  or  not^  at  the  time  of  the 
full  moon.     Different  investigations  have  led  to  contradictory  results. 

The  frequency  of  the  moon's  changes  is  so  great  that  it  is  always  easy  to 
find  instances  by  which  to  verify  a  l>elief  that  changes  of  the  moon  control 
conditions  on  the  earth.  A  change  of  the  moon  necessarily  occurs  about 
once  a  week,  the  interval  from  (quarter  to  quarter  being  between  seven  and 
eight  days.  All  changes,  of  the  weather  for  instance,  must  therefore  occur 
within  three  and  three-fourths  days  of  a  change  of  the  moon,  and  fifty  per 
cent  of  them  ought  to  occur  within  forty-six  hours  of  a  change,  even  if  there 
were  no  causal  connection  whatever. 

Now  it  retiuires  only  a  very  slight  prepossession  in  favor  of  a  belief  ui 
the  effectiveness  of  the  moon's  changes  to  make  one  forget  a  few  of  the 
weather  changes  that  occur  too  far  from  the  projier  time.  Coincidences 
enough  can  easily  be  found  to  justify  a  preexisting  belief. 

THE    MOON'S   SURFACE. 

263.  Even  to  the  naked  eye  the  moon  is  a  l>eautiful  object, 
diversified  w  ith  darker  and  lighter  markings  which  have  given  rise  to 
numerous  popular  superstitions.  With  a  i>owerful  telescope  these 
naked-eye  markings  mostly  vanish,  and  are  replaced  by  a  countless 
multitude  of  smaller  details,  which  are  interesting  in  the  highest 
degree.     The  moon  on  the  whole,  on  account  of  this   diversity  of 
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detail,  is  the  finest  of  all  telescopic  objects ;  especially  to  moderate- 
sized  instruments,  say  from  six  to  ten  inches  in  diameter,  which 
generally  give  a  more  pleasing  view  of  our  satellite  than  instruments 
either  larger  or  smaller. 

264.  How  near  the  Telescope  brings  the  Moon.  —  An  instrument 
of  this  size,  with  magnifying  powers  between  250  and  500,  brings 
up  the  moon  virtually  to  a  distance  ranging  from  1000  miles  to  500 ; 
and  since  an  object  a  mile  in  diameter  on  the  moon  subtends  an 
angle  of  about  0".8G,  with  the  higher  iK)wcrs  of  such  an  instrument 
objects  less  than  a  mile  in  diameter  become  visible  under  favorable 
atmospheric  conditions.  A  long  line  or  streak,  even  less  than  a 
quarter  of  a  mile  across,  could  probably  be  seen.  With  larger  tele- 
scopes the  ix)wer  can  now  and  then  be  carried  at  least  twice  as  high, 
and  correspondingly  smaller  details  made  out.  When  everything  is 
at  its  best,  the  great  Lick  telescope  of  3(1  inches  aperture,  with  a 
power  of  2500  or  so,  may  possibly  reduce  the  virtual  distance  of  our 
satellite  to  about  100  miles  for  visual  purposes.  It  is  evident  that 
while  with  our  telescopes  we  should  be  able  to  see  such  objects  as 
lakes,  rivers,  forests,  and  great  cities,  if  they  exist  on  the  moon,  it 
will  be  hopeless  to  expect  to  distinguish  single  buildings,  or  any  of 
the  ordinary  operations  and  indications  of  life,  if  such  there  are. 

There  are  a  frw  iiiountains  on  the  earth  from  wliich  a  range  of  100  miles 
is  obtained  in  the  hvndscajK.'.  Those  who  have  seen  such  a  landscape  know 
how  little  is  to  be  ma<le  out  with  tin;  naked  eye  at  that  distance.  Still,  the 
comparison  is  not  (juite  fair,  because;  iu  looking  at  a  terrestrial  object  a  hun- 
dred miles  away  the  line  of  vision  passes  through  a  dense  atmosphere,  while 
in  looking  upward  towards  the  moon  it  penetrates  a  much  less  thickncs.s 
of  air. 

265.  The  Moon's  Surface  Structure.  — The  moon's  surface  for  the 
most  part  is  extremely  uneven  and  broken,  far  more  so  than  that  of 
the  earth.  The  structure,  however,  is  not  like  that  of  the  earth's 
surface.  On  the  earth  the  mountain.s  are  mostly  in  long  ranges,  such 
as  the  Alps,  the  Andes,  and  Himalayas.  On  the  moon  such  moun- 
tain ranges  are  few  in  number,  though  they  exist ;  but  the  surface  is 
pitted  all  over  with  great  craters,  resembling  very  closely  the  vol- 
canic craters  on  the  earth's  surface,  though  on  an  immensely  greater 
scale.  One  of  the  largest  craters  upon  the  earth,  if  not  the  largest, 
is  the  Aso  San  in  Japan,  about  seven  miles  across.  Many  of  those 
on  the  moon   are  lifty  and  sixty  miles  in  diameter,  and  some  are 
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over  100  miles  across,  while  smaller  ones  from  a  half-mite  to  eight 
or  ten  miles  in  diameter  are  counted  by  the  thousaDd. 

The  normal  liiiinr  crater  is  iieaily  cii'ciilar,  surrounded  by  an  elc- 
vnted  ring  of  motm tains 
wliich  riHe  anywhere  from 
1000  to  20,000  feet  abovp 
llie  snri'oinidiiig  country. 
Within  tlic  floor  of  the 
(rater  the  surface  may  Ih' 
I'itlicr  alH)ve  or  below  the 
outside  level.  Some  cra- 
tfirs  are  deep,  some  tilled 
nearly  to   tlic   hriiu.     In 

some  rases  tllO    SinTOUUd-  Kiu.  w. -a  Xomial  Lunar  CtaU-r  (.NminjUi), 

iiig  mountain  riui;  is  en- 
tirely nt)sent,  ami  the  crater  is  a  mere  hole  in  tlie  plain.     In  the 
centi-c  of  the  cr.iter  tliere  usually  rises  a  group  of  [>eaks,  which  attain 
iilmnt  tlic  same  elevation   as  the  encircling  ring,  and  these  ceutiat 
jieaka  often  show  little  holes  or  craterlets  in  their  annimits. 

In  Miost  c.is.-ti  til.'  r.'-s.'iiil.lain-i.  c.f  llies..  f,.rM.iili..iis  Ici  t.^vrestrial  viili-aui.- 
stiLiftun-s,  like  Ihos.'  <.xfiii|aiti.-,l  l.y  W-uvius  an.!  r>thi-rs  in  tin-  surroinid- 
iiiij  rfsii'ii.  niaki-s  il  iiiitiiral  to  assnino  tliiil  IIh-v  Iii"l  a  similar  urigui. 
'I'liis.  how.-ver.  i-.  in.t  al.s.>Iiil.'Iv  Lvrtiiin,  for  then-  'air  coiisi.l.'rnl.b  .litl1t-iil- 
ti.-s  ill  th.-«iiy..-.«i"'ciiilly  ill  theViis.-of  Ih,:  great  ■■  liiilHiirk  I'liii.is.-so  L-iille.i, 
uliifh  an'  so  I'xtpiisiKS  tiiiit  a  )>cr«iin  .standing  in  the  ci-ntre  cniilil  nnl  m'h 
tUf  siinniiit  in  lli.>  !iui'r'>iiiiiliii<,-  rin^  at  anv  [Mint;  and  vet  no  line  of  il>- 
man-atioii  ran  b.-  ilrawn  Ix'twi-pu  llieni  and' the  small.T  rralers.  'IV-  seri.'S 
it  roiitiniKiiK.      Mureiiver,  on  llu-  eailh,  viilcani).'rt  lippes.-iiirily  mjnin'   the 

aHli r  air  and  »'alpr,  nlii.'li  do  not  now  exist  on  the  nir>on.  'it  is  uhvioiis, 

th.T.'f.in'.  Ihat  if  lli.-si>  lunar  crad'i-s  an'  the  rcsnlt  of  true  voU-anic  eruptions, 
lln'v  iiiii.;!,  l>i;  fiw.-il  fiiriiialiiins;  fcir  it  is  i[nili'  L-ertaiii  that  no  evidence  of 
i-xistini:  v<ili>;iiiii'  nrdvily  luis  i-v.t  Uvn  fiuinil.  The  nu-jii's  siirfiice  apjiears 
tn  l"-ali^'iIiit,-ly.|n:.'-.Ti'il— still  in -leal h. 

On  Momc  ])ortions  of  the  moon  these  craters  stand  very  thickly. 
1  HdiT  cralcis  jinve  lieen  enci-oached  n|)oii,  or  more  or  less  completely 
..l,lii,.raterl  l.y  Ihe  newer,  and  the  whole  snrfa<'e  is  a  chaos,  of  which 
lh>-  eoun(.-i'|iart  is  hardly  to  he  found  on  the  earth,  even  in  tlic  mngh- 
I'-t  ]")rtioii>^  <•(  (he  .Vlps.  This  is  es[MH-ially  the  case  near  tlie  moon's 
s'liiih  poh'.  h  \^  notireaMe  that,  as  on  the  earth  the  newest  moun- 
tains aie  frenerally  tliv  lii'.'hesi,  so  on  ihe  moon  the  more  newly 
fiiniii'il  riiileis  !ir.'   ^I'nerally  di-cpcr  and  nioix-  preciiiitous   than  tlie 
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266.  Lun&r  Homenclatare. — The  great  plniDs  were  called  by 
Galileo  oceans  or  seas  (^fa)•ia),  and  some  of  tlie  smaller  ones 
inarslies  {Paliides)  and  lakeH,  foi'  he  sii|)[>osed  tlrnt  the  grayisli  sur- 
faces visible  tx>  tlie  naked  eye,  and  eoiispicuoiis  in  a  small  telescope, 
were  covered  with  water.  Ttma  we  have  the ' '  Oceaons  Procellanim," 
the  "  Mare  Imbriiim,"  and  a  niiinlier  of  other   "seas,"   of  which 


"UareFecunditatis,""Mare  Sereniialis,"  and  "Mare  Tranquilitataa," 
arc  the  most  cunspii'tions.  Tliere  are  twelve  of  them  in  all,  and 
eight  or  nine  Paludes,  Ijkcns,  and  SSinns. 

The  ten  mountain  raiigL'S  on  tlie  moon  arc  mostly  named  after 
terrestrial  mountains,  as  Cancasns,  Alps,  Apennines,  though  two  or 
three  licar   the   names  of  Dstmuomci's.  like   I^ibuitz,  Dorfel,  etc. 
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The  conspicuoua  craters  bear  the  names  of  the  more  eminent  aDcicnt 
and  mediaeval  astronomera  and  philosophers,  as  Plato,  Archimedes, 
Tycho,  Copernicus,  Kepler,  and  Gassendi ;  while  hundreds  of  smaller 
and  less  conspicuous  formations  bear  the  names  of  more  modern  or 
less  noted  astronomers. 

Tlie  syiitm  seems  to  have  originated  with  Riccioli  in  1650,  but  most  of 
the  nnines  have  been  more  recently  assigned  by  the  later  map-makers,  the 
most  eminent  of  whom  have  t)een  the  German  astronomera  Deer  and  Maed- 
ler  (who  published  their  map  in  1B;)7),  and  Schmidt  of  Athens,  whose  great 
map  of  the  moon,  on  a  scale  seven  feet  in  diameter,  was  puliliHhed  by  the 
Prussian  government  a  few  years  ^o.  It  is  not  at  all  too  much  to  say  that 
our  maps  of  the  earth's  surface  do  not,  on  the  whole,  compare  in  fulness  and 
accuracy  with  our  maps  of  the  moon.  Of  course  thb  is  not  true  of  such 
countries  as  France  and  England,  or  others  that  have  been  trigonometrically 
surveyed ;  but  there  are  no  such  lacuna  in  our  maps  of  the  moon  as  exist  in 
our  maps  of  A»ja  and  Africa,  for  instance. 

267.  Other  Ltuar  Fonuatioiu. — The  craters  and  mountains  are 
not  the  only  interesting  for- 
mations on  the  moon's  sur- 
face. There  are  many  deep, 
narrow,  crooked  valleys  that 
go  by  the  name  of  "  rills  " 
(derman  Jtillen),  some  of 
which  may  once  have  been 
watercourses.  Then  there 
are  numerous  "clefts,"  half 
a  mile  or  so  wide  and  of  un- 
known depth,  running  in 
some  cases  several  hundred 
miles,  straight  through  moun- 
tain and  valley,  without  iiny 
apparent  I'cgard  for  the  ac- 
cidents of  the  surface. 
Tlioy  seem  to  be  deep 
cracks  in  the  crust  of   our 

satellite.  Several  of  tiiem  Kio.s«.-Atchim«]p.u»dihc AptoniB«{.>j»Hi.jm;. 
arc  shown  in  Fig.  8C.     Most 

curious  aud  interesting  of  nil  are  the  tight-colored  sfreaA'H  or  "  iyi^s" 
which  radiate  from  certain  of  the  craters,  extending  in  some  cases 
a  distance  of  several  bnudrc<l  miles.  They  are  usually  from  five  to 
tf  u  miles  wide,  and  ncitlicr  elevated  nor  depressed  to  any  cxt^'ut  with 
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reference  to  the  general  surface.  They  pass  acroBs  mountain  and 
valley,  and  aometiroes  throiigli  craters  without  any  change  in  width 
or  color.  We  do  not  know  whether  they  are  like  the  so-called  "  trap- 
dykes  "  on  the  earth,  —  fissures  wliich  have  been  filled  up  from  l>elow 
with  some  light-colored  material,  —  or  whether  they  are  mere  sur- 
face markings.     No  satisfactory  explanation  has  ever  iH-en  given. 

The  most  remarkable  system  of  "rays"  of  tliis  kind  is  the  one 
connected  witii  the  great  crater  Tycho,  not  very  far  fiom  the  moon's 
south  i>ole.  They  are  not  very  conspicuous  until  within  a  few  daya 
of  full  moon,  but  at  that  time  they,  and  tlie  crater  from  whivli  tliey 
radiate,  constitute  by  far  tlie  most  striking  featui-e  of  the  whole  lunar 
landscape. 

268.  ChangM  on  th«  Hoou.  —  It  is  certain  that  there  are  no  ooii- 

xpic»o»s  changes.  The  ob- 
server has  before  him  no 
such  ever -varying  vision 
as  be  would  have  in  look- 
ing toward  tlie  earth, — 
no  flying  clouds,  no  alter- 
nations of  seasons  witli  the 
transformation  of  the  snowy 
wastes  to  green  fields,  nor 
any  considerable  apparent 
movement  of  objects  on  the 
disc.  The  sun  rises  on  them 
slowly  as  they  come  one 
after  the  other  to  the  ter- 
niinatoi',  and  sets  as  slowly. 
At  the  same  time  it  is  con- 
fidently maintained  by  many 
observers  that  here  and  there 
cliauges  arc  still  going  on  in 
Fiu.sT.— o*i«ii(ji  (Kumyih).  the  details  of  tlie    surface. 

Others  as  wtoiitly  dispute  it. 

269.  IVohably  tlie  most  notable  and  bt'Ht  advocated  instanci'  dC  rik'Ii  a 
change  in  that  of  the  little  crater  Liiiiie,  in  the  Slare  .Serenitiilis.  It  wai  ult- 
.■u'rved  by  Sohroi'ter  very  early  in  the  cent  iin-,  and  is  iigun-d  anil  describeil  by 
Ucerund  Mapdlerat  lieingalK>iit  five  and  alialf  orsixmilps  m  iliaiiielcr,  quite 
det^p  and  vt^ry  bright.  In  \XiK  S(-]niii<U,  who  lia.l  fwvend  tiiix'^  i.l<w'r\'ed  it 
liffore.  aniiininced  that  il  had  diHappeared.     A  fi-w  months  later  it  waa 
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visi)>]e  ^Hin,  And  there  were  many  reported  ehangeii  in  its  appearance 
during  the  next  year  or  two.    There  is  no  question  that  it  does  not  dow  at 
all  af^ree  in  conspicuousneM  and  size  with  the  representation  of  Beer  and 
Maedler,  for  it  is  at  present,  and  hu  been  for  several  years,  only  a  minute 
dark  Hpot,  with  a  whitish  spot  smrounding  it    Astronomers  would  feel 
more  conlidunt  that  this  wax  a  caxe  of  real  change  were  it  not  that  Schroe- 
ttr'H  I'arlier  picture  much  more  reBumbles  the  present  appearance  than  does 
that  of  t)e<?r  and  Alaedler.     As  the  latter  obserrerv  worked  witb  rather  a 
small  lelescoiw,  and  had  no  reason  tor  taking  any  special  pains  in  the  delin- 
eation of  thi«  particular  object,  the  evi- 
ilence  is  lei.-)  conclusive  than   it   might 
Heem  at  firrit.     Tlie  change,  however,  if 
real,  was   certairjiy  as   great  as  in    the 
instance  uf  Krakatoa,  the  great  volcano 
whose  eruption  in  1883  filled  the  earth's 
atmosphere  with  smoke  and  vapor  for 
iiioi-e  than  two  years,  and  caused  the 
"twilight  conflagrations"  of  the  sky. 
The  phenomenon  in  the  case  of  Linn£, 
if  real,  was  probably  a  falling  iu  of  the 
walls  of  the  crater,  exposing  fresh  un- 
w  fathered  wnrfaces. 

The   reason  why  it  Is  so  ditticult  to  ji,^  m. 

1h'  snre  of  changes  lies  in  the  great 

variations  in  the  appearance  of  a  lunar  object  under  the  varying  illu- 
iniuatiou.  To  insure  certainty  in  xnch  delicate  observations,  comparisons 
must  be  madi'  between  the  appearance  leen  at  precisely  the  same  phase  of 
tlie  nuHMi,  with  telescopes  (and  eyes  too)  of  equal  power;  and  under  sub- 
stiintially  the  siime  conditions  otherwise,  such  as  the  height  of  the  moon 
iibove  the  horizon,  the  clearness  and  steadiness  of  the  air,  etc.  It  is  of 
course  very  diflicull  to  secure  such  identity  of  conditions. 

270.  Heuorementi  of  HeighU  of  Lonar  Kovntaiiu. — When  the 
tt'rniin:itur  approaches  n  lunar  mountain,  the  top  of  the  mountain 
catcheH  the  sunlight  first,  and  appears  as  a  star  eatirely  detachet) 
fruni  the  luHt  of  the  ilhmiinated  portion,  like  the  little  bright  spots 
opi>OHite  a  and  b  in  Fig.  88.  As  time  passes,  the  bright  spot  be- 
comes Ini^cr  as  the  light  extends  lower  down  the  mountain  side,  until 
the  tei'min:itor  rcaehes  and  [lasees  it. 

If  MOW  wu  measure  the  apparent  distance.  .lI^or<i,  Fig.  8tf,  from  the 
|>eak  tu  the  teriuinatur  at  the  M)oineat  when  it  first  appears  like  a  star, 
it  is  cfisj'  to  compute  Alt.  and  from  this,  the  height  of  the  mountain. 
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with  the  then  newly  invented  thermopile,  by  a  series  of  obserrationB 
from  the  summit  of  Vesuvius.  Since  then  several  physicists  have 
worked  upon  the  subject  with  more  or  less  success,  but  the  most  re- 
cent and  reliable  investigations  are  those  of  Lord  Bosse  and  Profes- 
sor Langley.  With  modern  apparatus  there  is  no  difficulty  in  detect- 
ing the  heat  in  the  lunar  radiations,  but  measuremenUs  are  extremely 
difficult  and  liable  to  error.  A  considerable  percentage  of  Uie  lunar 
heat  seems  to  be  heat  simply  reflected  (like  light),  while  the  rest, 
perhaps  three-fourths  of  the  whole,  is  ^"^  obscure  heat** ;  that  is,  heat 
which  has  been  first  absorbed  by  the  moon's  surface  and  then  rodiafed, 
like  the  heat  from  a  brick  surface  that  has  been  warmed  by  sunshine. 
This  is  shown  by  the  fact  that  a  comparatively  thin  plate  of  glass 
cuts  off  some  8G  per  cent  of  the  heat  received  from  the  moon  in  the 
same  way  that  it  does  the  heat  of  a  stove,  while  the  heat  of  direct 
sunlight,  or  of  an  electric  arc,  would  pass  through  the  same  plate 
with  very  little  diminution.  The  same  thing  appears  also  from  durect 
measurements  u|)on  the  \\Qtx\r8pectrum  of  the  moon  made  by  Langley 
with  his  bolometer,  described  further  on.     (Art.  343.) 

261.  As  to  the  temperature  of  the  moon's  surface,  it  is  difficult  to 
affirm  much  with  certainty.  On  one  hand,  the  lunar  rocks  are  exposed 
to  the  sun's  rays  in  a  cloudless  sky  for  fourteen  days  at  a  time,  bo 
that  if  they  were  blanketed  by  air  like  our  own  rocks  they  would  cer- 
tainly become  intensely  heated.  A  few  years  ago.  Lord  Rosse  in- 
ferred from  his  observations  that  the  temperature  of  the  lunar  surface 
rose  at  its  maximum  (about  three  days  after  full  moon)  far  above 
that  of  boiling  water. 

But  his  own  later  investigations  and  those  of  Langley  throw  greats 
doubt  on  this  conclusion.  There  is  no  air-blanket  at  the  moon's 
surface  to  prevent  it  from  losing  heat  as  fast  as  it  receives  it ;  and 
it  now  seems  rather  more  probable  that  the  temperature  never  rises 
above  the  freezing-point  of  water,  as  is  the  case  on  the  highest  of 
our  mountains,  where  there  is  perpetual  ice,  and  the  temperatore  is 
always  low  even  at  noon.  So  far  as  we  can  judge,  the  condition  of 
things  on  the  moon's  surface  must  correspond  to  an  elevation  many 
times  higher  tlian  any  mountain  on  the  earth;  for  no  terrestrial  moun- 
tain is  so  high  tliat  the  density  of  the  air  at  its  summit  is  even  nearly 
as  low  as  that  of  the  densest  supposable  lunar  atmosphere. 

This  idea,  that  the  temperature  is  low,  is  borne  out,  also,  by  the 
fact  that  the  bolometer  shows  the  presence,  in  the  lunar  radiations^ 
of  a  considerable  quantity  of  heat  having  a  wave-length  greater  than 
that  of  tlie  heat  radiated  from  a  block  of  ice. 
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At  the  end  of  the  long  luoar  night  of  fourteen  days  the  tempera- 
ture must  fall  appallingly  low,  certainly  200**  below  zero. 

The  whole  amount  of  heat  sent  by  the  fVill  moon  to  the  earth  is 
estimated  by  Rosse  as  about  one  eighty-thousandth  part  of  that  sent  by 
the  sun, 

262.  Lunar  Influences  on  the  Earth.  —  The  moon's  attraction  co- 
operates with  that  of  the  sun  in  producing  tides,  of  which  we  shall 
speak  hereafter.  There  are  also  certain  distinctly  ascertained  dis- 
turbances of  terrestial  magnetism  connected  with  the  approach  and 
recession  of  the  moon  at  peiigee  and  apogee;  and  this  ends  the 
chapter  of  ascertained  lunar  influences. 

The  multitude  of  current  beliefs  as  to  the  controlling  influence  of  the 
moon's  phases  and  changes  over  the  weather  and  the  various  conditions  of 
life  are  mostly  unfounded,  and  in  the  strict  sense  of  the  word  *' supersti- 
tions," —  mere  survivors  from  a  past  credulity. 

It  is  quite  certain  that  if  there  is  any  influence  at  all  of  the  sort  it  is  ex- 
tremely slight  —  so  slight  that  it  cannot  be  demonstrated  with  certainty, 
although  numerous  investigations  have  been  made  expressly  for  the  purpose 
of  detecting  it.  We  have  never  been  able  to  ascertain,  for  instance,  with 
certainty,  whether  it  is  warmer  or  not,  or  less  cloudy  or  not,  at  the  time  of  the 
full  moon.     Different  investigations  have  led  to  contradictory  results. 

Tlie  frciiuency  of  the  moon's  changes  is  so  great  that  it  is  always  easy  to 
find  instances  by  which  to  verify  a  belief  that  changes  of  the  moon  control 
conditions  on  the  earth.  A  change  of  the  moon  necessarily  occurs  about 
once  a  week,  tlio  interval  from  quarter  to  quarter  being  between  seven  and 
eight  days.  All  changes,  of  the  weather  for  instance,  must  therefore  occur 
within  three  and  three-fourths  days  of  a  change  of  theinoon,  and  fifty  per 
cent  of  them  ought  to  occur  w  ithin  forty-six  hours  of  a  change,  even  if  there 
were  no  causal  connection  whatever. 

Now  it  reciuires  only  a  very  slight  prepossession  in  favor  of  a  belief  ui 
the  etfectiveness  of  the  moon's  changes  to  make  one  forget  a  few  of  the 
weather  changes  that  occur  too  far  from  the  proix»r  time.  Coincidences 
enough  can  eiisily  be  found  to  justify  a  preexisting  belief. 

THE    MOON'S  SUUFACE. 

263.  Even  to  the  naked  eye  the  moon  is  a  Iwautiful  object, 
diversified  with  darker  and  lighter  markings  which  have  given  rise  to 
luunerous  popular  superstitious.  With  a  ix)werful  telescope  these 
naked-eye  markings  mostly  vanish,  and  are  replaced  by  a  countless 
multitude  of  smaller  details,  which  are  interesting  in  the  highest 
degree.     Tlic  moou  on  the  whole,  on  account  of  this   diversity  of 
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detail,  is  the  finest  of  all  telescoi)ic  objects ;  especially  to  moderate- 
sized  instruments,  say  from  six  to  ten  indies  in  diameter,  which 
generally  give  a  more  pleasing  view  of  our  satellite  than  instruments 
either  larger  or  smaller. 

264.  How  near  the  Telescope  brings  the  Moon.  —  An  instrument 
of  this  size,  with  magnifying  powers  between  250  and  500,  brings 
up  the  moon  virtually  to  a  distance  ranging  from  1000  miles  to  500 ; 
and  since  an  object  a  mile  in  diameter  on  the  moon  subtends  an 
angle  of  about  0".8G,  with  the  higher  jwwers  of  such  an  instrument 
objects  less  than  a  mile  in  diameter  become  visible  under  favorable 
atmospheric  conditions.  A  long  line  or  streak,  even  less  than  a 
quarter  of  a  mile  across,  could  probably  be  seen.  With  larger  tele- 
scopes the  iK)wer  can  now  and  then  be  carried  at  least  twice  as  high, 
and  correspondingly  smaller  details  made  out.  When  everything  is 
at  its  best,  the  great  Lick  telescope  of  *)(\  inches  aperture,  with  a 
l>ower  of  2500  or  so,  may  possibly  reduce  the  virtual  distance  of  our 
satellite  to  about  100  miles  for  visutil  purposes.  It  is  evident  that 
while  with  our  telescopes  we  should  be  able  to  see  such  objects  as 
lakes,  rivers,  forests,  and  great  cities,  if  they  exist  on  the  moon,  it 
will  be  hopeless  to  expect  to  distinguish  single  buildings,  or  any  of 
the  ordinar}'  operations  and  indications  of  life,  if  such  there  are. 

There  are  a  iVw  mouiitaiiis  on  th(i  earth  from  which  :i  range  of  100  miles 
is  obtained  in  the  landsciijH*.  Those  wlio  have  seen  such  a  landscape  know 
how  little  is  to  be  made  out  with  the  naked  eve  at  that  dist«ance.  Still,  the 
comparison  is  not  (luite  fair,  beeausi*  in  looking  at  a  terrestrial  object  a  hun- 
dred miles  away  the  line  of  vision  passes  through  a  dense  atmosphere,  while 
in  looking  upward  towards  the  moon  it  jxinetrates  a  much  less  thickness 
of  air. 

265.  The  Moon's  Surface  Stmctnre.  — The  moon's  surface  for  the 
most  part  is  extremely  uneven  and  broken,  far  more  so  than  that  of 
the  earth.  The  structure,  however,  is  not  like  that  of  the  earth's 
surface.  On  the  earth  the  mountains  are  mostly  in  long  ranges,  such 
as  the  Alps,  the  Andes,  and  Himalayas.  On  the  moon  such  moun- 
tain ranges  are  few  in  number,  though  they  exist :  but  the  surface  is 
pitted  all  over  with  great  craters,  resembling  very  closely  the  vol- 
canic craters  on  the  earth's  surface,  though  on  an  immensely  greater 
scale.  One  of  the  largest  craters  upon  the  earth,  if  not  the  largest, 
is  the  Aso  San  in  Japan,  al>out  seven  miles  across.  Many  of  those 
on  the  moon   are  lifty  and  sixty  miles  in  diameter,  and  some  are 
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over  100  miles  across,  while  smaller  ones  from  a  half-mile  to  eight 
or  teu  miles  in  diamoter  are  (.■oiiiited  by  the  thousand. 

The  normal  Umar  crater  is  nearly  circular,  sunoundetl  by  au  eli-- 
vat«d  ring  of  moinitains 
which  rlMc  anywhere  from 
l(>00  to  211,000  feet  above 
llie  snriouniling  eonntry. 
Within  the  floor  of  the 
rr:iler  the  snrface  may  W 
ciilier  al>ove  or  l>elow  the 
oiiUide  level.  Some  cra- 
ters are  c'.eep,  some  tilled 
nt>nrly  to    the   liriin.     In 

some  cases  the  surround-  Fiu.84.-a  Nurmai  i.u.mr  c-«i«  (.NminjUo. 

iiig  mountain  ring  in  eu- 

tin'ly  aliscnt,  and  the  erater  is  a  mere  hole  in  the  plain.  In  the 
centi-c  of  the  crat«r  tliere  usually  rises  n  group  of  peaks,  which  attiiii 
alKint  the  same  elevation  as  tlie  encircling  ring,  ami  these  central 
l)eaks  often  show  little  holes  or  eratcrlets  in  their  summits. 

In  most  e.is>-K  tin-  res<'iii1ilnn<'<>  of  tlit!!»'  fornialioas  to  ti'irestrlal  volcanii' 
stnii-tiire»,  like  tliosi'  eK<'iiipIil)<-a  1>y  Vi'Huviim  aii<l  othem  in  the  san'ounJ- 
iii^'  r<'>;ii>n.  iiink'-x  il  natural  tn  iisNUine  tlint  tlx'V  lia<l  a  similar  origin. 
'I'iiis,  however,  in  lint  iil'Siilutcly  ci'rtniu,  for  then'  nvi>  con«iiier.ilj|e  ditfii^ul- 
t  if s  ill  the  way,  eHiwpially  in  the  nuu.-  of  Ih.-  j;rea1  "  linlwark  Plaiiifi."  so  (.■alleii, 
uhieh  an>  ho  extensive  that  a  l>ers(in  standing  in  llin  eentre  couM  not  !u>e 
the  jininniit  of  the  !<iirrf>nndiii^'  r\w^  iit  any  point;  aii<l  yet  no  line  of  ih-- 
niurcation  can  be  drawn  iH'lwcen  llieia  and'  the  snialh'r  mailers.  The  M-rins 
is  euntinaoufi.  Jliireover,  on  the  earth,  viilcanoi'it  nccessiirily  reijuiri'  the 
ai-tiiin  of  air  and  water,  whii'h  du  a..t  now  exist  on  the  moon.  It  is  obvious, 
thiT'-foi-e,  that  if  tlfsi^  lunar  craters  aiv  tlie  result  of  true  voleanie  fniptions, 
thi'V  nnist  be  fiissil  fonnatious ;  fur  it  is  i|uil''  vertuin  that  no  evidenLV  of 
fxisliiii!  voleanii-  aelivily  has  i-viT  brcn  found.  The  moon's  surface  a|ijiears 
to  be  alv»obil.'ly  qiiL'^reiit  —still  in  death. 

On  some  [lortions  of  tlie  moon  tlicBo  craters  stand  very  thickly. 
(Hder  craters  have  been  enci'oaclied  upon,  or  more  or  less  (.■orapletely 
'•bliteraleil  l.y  tlie  newer,  and  the  whole  surface  is  a  chaos,  of  which 
the  counterpart  is  har'lly  to  be  fnund  on  the  e.arth,  even  in  the  iimgh- 
est  iMHtions  of  the  Alps.  This  is  especially  the  case  near  the  moon's 
Koutli  pole.  It  is  no|i,'('>d>lu  tliat.  as  on  the  eartli  tlie  newest  monn- 
Uiins  are  generally  the  hi^lie.sl.  so  on  llie  moon  the  more  newly 
formed  eniters  are  ^^-nerally  deeper  and  more  precipitous  than  tin- 
older  ones. 


174  THE  SUN. 

hundred  miles,  einee,  as  will  appear  hereafter,  the  sun  (at  least  the 
surface  which  we  see)  is  not  solid. 

Representing  the  sun  by  a  globe  two  feet  in  diameter,  the  earth 
would  be  ^^  of  an  inch  in  diameter,  —  the  size  of  a  very  small  pea, 
or  a  ^^  22- calibre  "  round  pellet.  Its  distance  from  the  sun  on  that 
scale  would  be  just  alK)ut  220  feet,  and  the  nearest  star  (still  on  the 
same  scale)  would  be  eight  thousand  miles  away,  at  the  antipodes. 

If  we  were  to  place  the  earth  in  the  centre  of  the  sun,  supposing 
it  to  be  hollowed  out,  the  sun's  surface  would  be  433,000  miles  away 
from  us.  Since  the  distance  of  the  moon  is  only  about  239,000 
miles,  it  would  be  only  a  little  more  tlian  half-way  out  from  the 
earth  to  the  inner  surface  of  the  hollow  globe,  which  would  thus 
form  a  very  good  background  for  the  study  of  the  lunar  motions. 

It  is  perhaps  worth  noticing^  as  a  help  to  memory,  that  the  8uu*s  diameter 
exceeds  the  earth's  just  about  as  many  times  as  it  is  itself  exceeded  by  the 
radius  of  the  earth's  orbit ;  oi%  in  other  words,  the  sun's  diameter  is  nearly  a 
mean  proportional  between  the  earth's  distance  from  the  sun  and  the  earth's 
diameter,  110  being  the  common  ratio. 

27*7.  Surface  and  Yolume.  —  Since  the  surfaces  of  globes  are  pro- 
portional to  the  squares  of  their  radii,  the  surface  of  the  sun  exceeds 
that  of  the  earth  in  the  ratio  of  (109.5)-  to  1  ;  that  is,  its  surface  is 
about  12,000  times  the  surface  of  the  earth. 

The  volumes  of  spheres  are  proi)ortional  to  the  cubes  of  their  radii ; 
hence  the  sun*s  volume  is  (109. S)**,  or  1,300000  times  that  of  the  earth. 

278.  The  Son's  Mass.  — The  mass  of  the  sun  is  very  nearly  three 
hundred  and  tJiirty-two  thousand  times  that  of  the  earth,  subject  to  a 
probable  error  of  at  least  one  per  cent.  There  are  various  ways  of 
getting  at  this  result.  For  our  puri>o8e  here,  perhaps  the  most  con- 
venient is  by  comparing  the  earth's  attraction  for  bodies  at  her  surface 
(as  determined  by  pendulum  experiments)  with  the  attraction  of  the 
sun  for  the  earth,  —  the  central  force  which  keeps  her  in  her  orbit. 
Put /for  this  force  (measured,  like  gravity,  by  the  velocity  it  gener- 
ates in  one  second),  g  for  the  force  of  gravity  (32  feet  2  inches 
per  second),  r  the  earth's  radius,  R  the  sun's  distance,  and  let  E 
and  S  be  the  masses  of  the  earth  and  sun  respectively.  Then,  by 
the  law  of  gravitation,  we  have  the  proportion 

Now,  -  =  23,440  (nearly) . 

T 


THE   sun's  MASS.  176 

Its  square  equals  549,433,600.  ^  =  386  inches.  Tofiud/we  have 
from  Mechanics  (Physics,  p.  62), 

this  being  the  expression  for  the  ^^  central  force  "  in  the  case  of  a 
bocly  revolving  in  a  circle.  (We  may  neglect  the  eccentricity  of  the 
earth's  orbit  in  a  merely  approximate  treatment  of  the  problem.) 
F  is  the  orbital  velocity  of  the  earth,  which  is  found  by  dividing  the 
circumference  of  the  orbit,  2  ir/?,  by  T,  the  number  of  seconds  in  a 
sidereal  year.  This  velocity  comes  out  18.495  miles  per  second. 
Putting  this  into  formula  (6),  we  get/=  0.2333  inches, 

so  that  -^  =  0.000G044  =  —^  (nearly)  ; 

g  1 654 

whence  S  =  Ex  — i—  X  549,433,600  ;  or  S  equals  332,000. 

1654 

We  may  note  in  passing  that  half  of  /  expresses  the  distance  by 
which  the  earth  falln  towards  the  sim  every  second,  just  as  half  g  is 
the  distance  a  body  nt  the  earth's  surface  falls  in  a  second.  This 
quantity  (0.1 16  inch),  a  trifle  more  than  a  ninth  of  an  inch,  is  the 
amount  b}'  wliieh  the  earth's  orbit  deviates  from  a  straight  line  in  a 
second.  In  travelling  eighteen  and  one-half  miles  the  deflection  is 
only  one-ninth  of  an  inch. 

278*.    1^'  substituting  "^-y-  for  1'  in  equation  (/>)»  we  get 
and  putting  this  vahie  uf/into  e<piation  (a)  and  reducing,  we  obtain 


•■="-[(W)(y(f)-} 


or,  since 


R       1 


r     sin/> 
(p  being  the  sun's  horizontal  jmrallaz),  we  have  finally 

It  will  be  noticed  that  in  this  expression  the  cube  of  the  parallax  appears, 
and  this  is  the  reason  why  an  uncertainty  of  one  \^r  cent  in  p  involves  an 
uncertainty  of  three  per  cent  in  S, 
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In  obtaining  the  mass  of  the  sun  it  will  be  seen  that  we  require  as 
data,  Tj  the  length  of  the  sidereal  year  in  seconds;  the  value  of 
gravity,^  (which  is  derived  from  pendulum  experiments)  ;  the  radius 
of  the  earth,  r  (deduced  from  geodetic  surveys  ;  and  finally  (and  most 
difficult  to  get),  the  sun's  parallax,  ju,  or  else,  what  comes  to  the 

same  thing,  the  ratio  — • 

R 

279.  The  Son's  Density.  —  This  density  as  compared  with  that  of 
the  earth  is  found  by  simply  dividing  its  mass  by  its  volume  (both  as 
compared  with  the  earth)  ;  that  is,  it  ecpials  tlie  fraction 

.331000  ^  ,  ,, 
1300  000 

a  little  more  than  a  quarter  of  the  earth's  density.  To  get  its 
*^ specific  gravity*'  (i.e.,  density  as  compared  with  water) ,  we  must 
multiply  this  by  5.58,  the  earth's  mean  specific  gravity.  This  gives 
1.41  ;  that  is,  the  8un*s  mean  density  is  not  IJ  times  that  of  water ^  — 
a  most  significant  result  as  bearing  on  its  physical  condition ;  espe- 
cially when  we  know  that  a  considerable  portion  of  its  mass  is  com- 
posed of  such  metals  as  iron. 

280.  Superficial  Gravity.  —  This  is  found  by  dividing  its  mass  by 
the  square  of  its  radius  ;  that  is, 

332  000 

{amy' 

which  equals  27.(5.  A  )x>dy  weigliing  one  pound  on  the  earth's  sur- 
face would  there  weigh  27.C  Ujs.  A  Ixxly  would  fall  444  feet  in  a 
second,  instead  of  sixteen  feet,  as  here.  The  seconds'  pendulum  (that 
is,  a  pendulum  which  vibrates  seconds  here)  would  there  vibrate  more 
than  five  times  i>er  second,  —  considcral)ly  more  rapidly  than  the  bal- 
ance of  an  ordiuarv  watch. 

281.  The  Son's  Eotation. — The  sun's  surface  often  shows  spots 
ui)on  it,  which  pass  across  the  disc  from  west  to  east.  These  are 
evidently  attached  to  its  surface,  and  not  bodies  circling  around  the 
sun  at  a  distance  alK)ve  it,  as  was  imagined  by  some  early  astronomers, 
because,  as  (ialileo  early  demonstrated,  they  continue  in  sight  just  as 
long  as  the  time  during  which  they  are  invisible ;  which  would  not  be 
the  ease  if  thev  were  at  anv  considerable  elevation. 
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Period  of  Rotation.  —  The  average  time  occupied  by  a  spot  in  pass- 
ing around  the  suu  and  returning  to  the  same  position  again  is  27.25 
days,  —  average  because  different  spots  show  considerable  differences 
in  this  respect.  This  interval,  however,  is  not  the  true  time  of  solar 
rotation,  but  the  synodic,  since  the  earth  advances  in  the  interval  of 
a  revolution  so  that  the  sun  has  to  turn  on  its  axis  a  little  farther  each 
time  to  bring  the  spot  again  into  conjunction  with  the  earth.  The 
equation  by  which  the  true  period  is  deduced  from  the  synodic  is  the 
same  as  in  the  case  of  the  moon  (Art.  232) ,  viz. : 

-1- JL  =  I 
T     E      S' 

T  being  the  true  period  of  the  sun's  rotation,  E  the  length  of  the 
year,  and  S  the  observed  synodic  rotation  ; 

whence  —  = h 


T      27.25      365.25' 

which  gives   T=25'*.35.     Different  observers  get  slightly  different 
results.     Carrington  finds  25'*. 38  ;  Spoerer,  25*.23. 

282.  Position  of  the  San*8  Axis. — On  watching  the  spots  with 
care  as  they  cross  the  disc,  it  appears  that  they  usually  describe  paths 
more  or  less  oval,  showing  that  the  sun's  axis  is  inclined  to  the 
ecliptic.  Twice  a  year,  however,  the  paths  become  straight,  at  the 
times  when  the  earth  is  in  the  plane  of  the  sun's  rotation.  These 
dates  arc  about  June  3  and  Dec.  5. 

'i'he  iiscending  node  of  the  sun's  equator  is  in  celestial  longitude  73°  40* 
(Carrington),  and  the  inclination  of  its  equator  to  the  plane  of  the  ecliptic 
is  7°  1.7.  Its  inclination  to  the  plane  of  the  terrestrial  equator  is  26®  25'. 
The  position  of  the  point  in  the  sky  towards  which  the  sun's  pole  is  directed 
is  in  right  ascension  18^  44™,  declination  +  64°,  almost  exactly  half-way 
between  the  bright  star  a  Lyrse  and  the  Pole  Star. 

283.  Peculiar  Law  of  the  Son's  Rotation.  — Equatorial  Accelera- 
finn.  The  earth  rotates  as  a  whole,  ever}'  point  on  its  surface  making 
its  (liurnal  revolution  in  the  same  time ;  so  also  with  tlie  moon  and 
with  the  planet  Mars.  Of  course  it  is  necessarily  so  with  any  solid 
globe.  But  this  is  not  the  case  with  the  sun.  It  was  noticed  quite 
early  that  the  different  8|X)ts  give  different  results  for  the  rotation 
period,  but  the  researches  of  Carrington  about  thirty  years  ago  first 
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brought  out  the  fact  that  the  differences  follow  a  regular  law,  showing 
that  at  the  solar  equator  the  time  of  rotation  is  less  than  on  either 
side  of  it.  Thus  spots  near  the  sun's  equator  give  T  =  25  days ;  at 
solai-  latitude  20**,  T=  25.75  days;  at  solar  latitude  30**,  T—  26.5 
days;  at  solar  latitude  40°,  T=  27  days.  The  time  of  rotation  in 
latitude  40°  is  fully  two  days  longer  than  at  the  solar  equator ;  but  we 
are  unable  to  follow  the  law  further  towards  the  |)oles,  because  the 
spots  are  never  found  beyond  the  parallels  of  45°  on  each  side  of  tlie 
equator,  and  there  are  no  well-defined  markings  between  this  point 
and  the  poles  by  which  we  can  accurately  determine  the  motion. 

284.  Various  formulae  have  been  proposed  to  represent  this  law  of  rota- 
tion. Carrington  gives  for  the  daily  motion  of  a  spot  A'  =  865'  — 165'  X  sin  ^  /, 
/  being  the  solar  latitude  of  the  spot.  Faye,  from  the  same  observations,  oon- 
sidering  that  the  ex|K)nent  ]  could  have  no  physical  justification,  deduced 
X=  862'  — 186'x  si n^Z,  which  agrees  almost  as  well  with  the  observations. 
Still  other  formula;  have  been  deduced  by  Spoerer,  Zollner,  and  Tisserand, 
all  giving  substantially  the  same  results. 

Tlie  law,  in  any  case,  is  simply  empirical;  that  is,  it  is  deduced  from 
the  observations,  without  being  based  upon  any  satisfactory  physical 
explanation,  for  no  such  explanation  of  this  strange  equatorial  accel- 
eration has  yet  been  found.  Probably  it  has  its  origin  somehow  in 
the  effects  produced  by  the  out[x>ur  of  heat  from  the  sun's  surface ; 
still,  just  how  such  a  i*esult  should  follow  in  the  case  of  a  cooling 
globe,  of  which  the  particles  are  free  to  move  among  each  other,  is 
not  vet  evident. 

285.  It  is  ix>ssil)le  that  the  spots  move  on  the  surface  of  the  sun,  chang- 
ing their  places  just  as  do  clouds  or  railroad  trains  u|X)u  the  surface  of  the 
earth,  so  that  their  motion  does  not  represent  the  sun*s  true  rotation.  This 
however,  as  we  shall  see  later,  is  hardly  probable,  and  if  it  were  the  case,  it 
would  still  l»e  no  less  ditlicult  to  account  for  this  systematic  difference  in 
their  liehavior  at  the  solar  ecjuator  and  in  the  higher  latitudes. 

It  has  been  suggested  that  the  spots  may  be  due  to  the  fall  of  matter  from 
a  consideniMe  elevation  above  tlu>  sun*s  surface,  matter  which  has  remained 
at  that  elevation  for  some  time,  and  ae([uired  a  corresix)ndnig  velocity  of 
rotation  due  to  that  elevation.  It  can  ]>e  shown  that  if  the  matter  forming 
the  spots  ha<l  thus  fallen  from  an  ele\  ation  of  about  20.000  miles,  it  would 
account  for  their  appanMit  aceelenition.  flatter  so  falling  would  have  an 
apparent  eastward  motion,  just  as  do  Ixxlies  on  the  earth  when  falling  from 
the  summit  of  a  tower  (Art.  1-)S).  From  this  (Kiintof  view  it  is  very  interest- 
ing to  inquin^  wliether  the  minuter  markings  uinm  the  sun's  surface,  such 
as  the  **  granules,'*  to  be  sjiokcn  of  very  soon,  do,  or  do  not,  ixMseas  the 
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rate  of  motion  as  the  spots.  There  is  no  decisive  observational  ^  evidence  at 
present  that  they  do  not.  But  the  subject  is  an  extremely  difficult  one ;  and 
yet  important,  because  the  solution  of  the  problem  of  the  sun's  equatorial 
aoceleration  will  probably  throw  much  light  upon  its  real  constitution. 

286.  The  Phenomena  of  the  Son's  Snrface. — In  order  to  stady 
the  sun  with  the  telescope  it  is  necessary  to  be  provided  with  some 
special  forms  of  apparatus.  Its  heat 
and  light  are  so  intense  that  it  is 
impossible  to  look  directl}'  at  it,  as 
we  do  at  the  moon.  A  very  con- 
venient method  of  exhibiting  the  sun 
to  a  number  of  persons  at  once  is  sim- 
ply to  attach  to  the  telescoi)e  a  frame 
carrying  a  screen  of  white  paper  at  a 
distance  of  a  foot  or  more  from  the 

eye-piece,  as  shown   in  Fig.  91.     On        fi«.  9i.-T«?ie»co|ieand8crefn 
pointing  the  instrument  to  the  sun  and 

properly  adjusting  the  focus,  a  distinct  image  is  formed  on  the 
screen,  which  shows  the  main  features  very  fairly.  It  is,  however, 
much  more  satisfactory  to  look  at  it  directly,  with  a  proper  eye- 
piece. With  a  small  telescope,  not  more  than  two  and  a  half  or 
three  inches  in  diameter,  a  mere  dark  glass  between  the  eye-piece  and 
the  eye  can  be  used,  but  this  dark  glass  soon  becomes  very  hot,  and 
is  apt  to  crack.  With  larger  instruments,  it  is  necessary  to  use 
eye-pieces  especially  designed  for  the  purpose  and  known  as  solar 
eye-pieces  or  Iielioscopes. 

The  simpleit  of  them,  and  a  very  good  one  for  ordinary  purposes,  is  one 
known  as  Ilerscht^rH,  in  which  the  sun's  rays  are  reflected  at  right  angles  by  a 
plane  of  unsilvered  gla^s  ( Fig.  92).  This  reflector  is  made  either  of  a  prismatic 
form  or  concave,  in  order  that  the  reflection  from  the  back  surface  may  not 


^r^^^^ 


>  Mr.  Crew  hat  recently  made  at  Baltimore,  under  the  direction  of  Professor 
Rowlmnd,  an  extensive  series  of  observations  upon  the  displacement  of  the  lines 
of  the  spectrum  at  the  eastern  and  western  limbs  of  the  aun.  This  displacement, 
which  is  very  slight,  is  due,  according  to  l)oppler*s  principle  (Art.  321),  to  the 
rotation  of  the  sun;  and  Mr.  Crew's  results,  so  far  as  they  can  be  considered 
decisive,  go  to  show  that  the  absorbing  layer  of  gases  by  which  the  Fraunhofer 
lines  are  formed  does  not  behave  like  the  sun  spots,  but  is  slightly  retarded  at  the 
son's  equator.  The  observations  arir  so  delicate,  however,  that  the  conclusion, 
though  made  very  probable,  can  hardly  be  considered  to  be  absolutely  proved 
beyond  question. 
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interfere  with  that  from  the  front.     About  nine-tenths  of  the  light  passes 

through  this  reflector,  and  is  allowed  to  pass 
out  uselessly  through  the  open  end  of  the 
tube.  The  remaining  tenth  is  sent  through 
the  eye-piece,  and  though  still  too  intense 
for  the  eye  to  endure,  it  requires  only  a 
comparatively  thin  shade  of  neutral-tinted 
glass  to  reduce  it  sufficiently,  and  in  this 
case  the  shade  does  not  become  uncomfort- 
ably heated.  It  is  well  to  have  the  shade- 
glass  made  wedge-shaped,  —  thinner  at  one 
end  than  at  the  other  —  so  that  one  can 
choose  the  particular  thickness  which  is 
best   adapted   to    the    magnifying    power 

Kio.  W.  —  Ueractael  Eye-^iece.  employed. 


287.  The  polarizing  eye-pieces  are  still  l^etter  when  well  made.  In 
these  the  light  is  reflected  twice  at  plane  surfaces  of  glass  at  the  "angle  of 
polarization"  (Physics,  p.  480),  and  is  then  received  on  a  second  pair 
of  reflectors  of  black  glass.     When 

the  upper  pair  of  reflectors  is  in  either 
of  the  two  positions  shown  in  Fig.  9'^, 
a  strong  beam  of  light  is  received  at 
C  —  too  strong  for  the  eye  to  bear, 
although  more  than  ninety  per  cent 
of  it  has  already  been  rejected ;  but 
by  simply  turning  the  box  which 
carries  the  upper  reflectors  one-quar- 
ter of  a  revolution  around  the  line 
BB*  as  an  axis,  the  light  may  hv 
wholly  extinguished ;  and  any  desired 
gradation  may  be  obtained  l)y  setting 
it  at  the  proper  angle,  without  tlu* 
use  of  a  shade-glass. 

288.  It  may  be  asked  why  it 
will  not  answer  merely  to  *'  cap  " 
the  object-glass,  and  so  cut  off 
part  of  the  light,  instead  of  re- 
jecting it  after  it  has  once  been 
allowed  to  enter  the  telescope.     It 

is  because  of  the  fact,  mentioned  in  Article  4;^,  that  the  smaller  the 
object-lens  of  the  telescope,  the  larger  the  image  it  makes  of  a  lumi- 
nous point,  or  the  wider  its  image  of  a  sharp  line.     To  cut  down  the 


Kiu.  Wi.  —  Polarizing  HeliODCopc. 
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aperture,  therefore,  is  to  siicrifice  the  defiDition  of  delicate  details. 
With  a  low  power  there  is  no  objection  to  reducing  the  amount  of 
heat  admitted  into  the  telescope  tube  in  that  way,  but  with  the  higher 
powers  the  whole  aperture  should  always  be  used. 

289.  Photography.  —  In  the  study  of  the  sun's  surface  photog- 
raphy is  for  some  purposes  very  advantageous  and  much  used.  Tlie 
iufstrument  must  have  a  special  object-glass  (Article  42),  with  an  appa- 
ratus for  the  quick  exposure  of  plates.  Such  instruments  are  called 
photo-heliographs,  and  with  them  photographs  of  the  sun  are  made  daily 
at  numerous  observatories.  The  necessary  exposure  varies  from  ^^j^ 
to  /u  of  a  second,  in  different  cases.  The  pictures  mnde  by  these 
iiistrunuMits  are  usually  from  two  inches  up  to  eight  or  ten  inches  in 
diameter,  and  some  of  Jansseirs,  made  at  Meudon,  bear  enlarging 
up  to  forty  inches  in  diameter.  Photographs  have  the  advantage  of 
freedom  from  prejudice  and  prepossession  on  the  part  of  the  ob- 
server ;  but  they  take  no  advantage  of  the  instants  of  fine  seeing. 
They  rei)reseut  the  surface  as  it  happened  to  be  at  the  moment 
when  the  plate  was  uncovered. 

290.  'J'he  study  of  tho  sun  has  become  so  important  from  a  scientific 
lK>h\t  of  view  that  several  observatories  have  recently  been  established 
mainly  for  that  purpose,  though  most  of  them  connect  with  it  that  of  other 
topics  in  astronomical  physics.  The  two  most  important  of  these  solar  or 
astro-physical  observatories,  are  the  observatory  at  Meudon  and  the  so-called 
'*  Sonnenwarte  "  at  Potsdam.     There  ought  to  be  one  in  this  country. 

291.  General  Views. — Before  passing  to  a  discussion  of  the 
details  of  the  different  solar  phenomena,  it  will  be  well  to  give  a 
very  brief  summary  of  the  objects  and  topics  to  be  considered. 

1.  Thr  photosphere ;  Le.^  the  luminous  surface  of  the  sun  directly 
visible  to  our  telescopes.  It  is  probably  a  sheet  of  Inminoits  clouda 
formed  by  condensation  into  little  drops  and  crystals  (like  the  water- 
dro[)s  and  ice-crystals  in  our  terrestrial  clouds)  of  certain  substances 
wliich  within  the  central  mass  of  the  sun  exist  in  a  gaseous  form, 
but  are  cooled  at  its  surface  l^elow  the  temperature  necessary  for 
tlieir  condensation  ;  perhaps  such  substances  as  carbon,  boron,  and 
silicon.     The  «2:r:inules,  faculae,  and  spots  are  all  phenomena  in  this 

photOS[>llLMC. 

2.  The  so-called  **  i-ecersintj  h(fff'r"  is  a  stratum  of  unknown  tliick- 
ni'ss,  but  probably  shallow,  just  above  the  photosphere,  containirir 
the  va})ors  of  manv  of    the   familiar  terrestrial  elements:    of  which 
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the  presence,  and  to  some  exCeut  their  physical  (.-onditioii ,  can  be  in- 
vestigate!] by  means  of  the  spectroscope. 

3.  Above  the  photosphere,  interpenetrating  tlie  atmosphere  of 
vapors  just  spoken  of, 
and  p  erhaps  India  tingu  is  fa- 
able  from  it,  is  an  envelope 
of  permanent  gases  ;  that 
is,  gases  wliiuh,  under  the 
solar  conditions,  cannot 
be  condensed  into  clouds 
of  solid  or  liquid  parti- 
cles. Among  them  hydro- 
gen ia  most  conspicuous. 
This  envelope  is  the  ao- 
oaWed  Chromosphere;  and 
from  it  the  prominences 
of  various  kinds  rise, 
sometimes  to  the  height 
of  buudreds  of  thousands 
of  miles.  These  beauti- 
ful objects  are  best  seen 
at  total  eclipses  of  the 
sun,  but  to  a  certain  ex- 
tent they  can  also  be  stud- 
ied at  any  time  by  the 
help  of  a  spectroscope. 
4.  Higher  yet  rises  the 
p,,_  M.  mysterious  Coi-ona ,  of  ma- 

CQDMii»uoD  of  (b.  Sun.   From"TbeSnt.,"brpern.iHioi.  terial  still  less  dense, and  SO 
of  iiM  pabitohcn.  far  obscrvable  only  during 

total  eclipses  of  tho  eun. 
Fig.  94  shows  the  relative  positions  of  these  different  elements  of 
the  solar  constitution. 

5.  A  fifth  subject  deals  with  the  measurement  of  the  tun's  light 
and  the  relative  brightness  of  diCFerent  parts  of  the  solar  surface. 

6.  Another  most  interesting  and  important  topic  relates  to  the 
amount  of  heat  radiated  by  the  sun,  — the  sun's  probable  tempera- 
fure  and  the  mechanism  by  which  its  heat-supply  ia  maintaioed. 

S92.  Tlifl  Photosphen. — The  sun's  visible  surface  is  called  the 
photosphere,  and  when  studied  under  favorable  atmospheric  coodi- 
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tioDS,  with  rather  a  low  m^^ifyiog  i>ower,  it  looks  like  i-ough  di-aw- 
iug-[>a|)er.  With  higher  powers  it  is  seen  to  be,  as  shown  in 
Fig.  Oi),  raade  up  of  a  comparatively  darkish  background  sprinkled 
over  with  grains,  or  "  nodules,"  as  Herschel  called  them,  of  some- 
thing mud)  more  brilliaot, — like  snowflakes  on  gray  cloth,  according 
to  Langley.  These  are  from  400  to  600  miles  across,  and  in  the 
finest  seeing  are  themselves  reaolTed  into  more  minnt«  "  granules." 
For  the  most  part,  these  nodules  are  about  as  broad  as  they  are  long. 


though  of  irregular  form;  but  here  and  there,  especially  in  the 
neighborhood  of  the  spots,  they  are  drawn  ont  into  long  streaka. 
Nasmvth  seems  first  to  have  observed  this  structure,  and  called  the 
filunients  "willow  leaves."  Secchi  called  them  "rice  grains." 
According  to  Huggins  they  were  "dots" ;  and  there  was  for  a  long 
time  a  pretty  lively  controversy  as  to  tJieir  bue  form.  Their  shape, 
however,  unquestionably  varies  very  mnch  in  different  parts  of  the 
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surface  and  under  different  circumBtances.     They  are  probably  lumi- 
DouB  cIondB  floating  iu  a  leas  luminous  atmosphere. 

Near  the  edge  the  photosphere  appears  geoerally  much  less  brill- 
iant ;  but  certain  bright  streaks  called  "  faculte "  (from  fax,  a 
torch),  which  though  visible  are  not  very  obvious  at  points  further 
from  the  limb,  become  there  conspicuous.  These  faculie  are  eleva- 
tions, —  masses  of  the  same  material  as  the  rest  of  the  photosphere, 
but  elevated  above  the  general  level  and  intensified  in  brightness. 


Fia.M.  — FaoolBUEdeeof  tbeSon.    (DaLaButJ 

When  one  of  them  passes  off  the  edge  of  tlie  sun,  it  is  sometimes 
seen  as  a  little  projection.  They  are  most  abundant  near  the  sun- 
spots,  and  they  are  more  conspicuous  near  the  edge  of  the  disc,  as 
shown  iu  Fig.  96.  because  the  sun's  surface  is  overlaid  by  a  gaseous 
atmosphere  which  al)sorlis  more  of  the  light  there  than  it  does  near 
the  centre,  and  these  faculae  push  up  through  it  like  mountains. 

293.  The  Son  Spots.  —  Whenever  these  ai-e  present  upon  tlie  sun's 
surface,  they  are  tlic  most  conspicuous  objects  to  be  seen  upon  it. 
The  appearance  of  a  normal  sun  spot,  Fig.  97,  fully  formed  and  not 
yet  beginning  to  break  up,  is  that  of  a  dark  central  "iiniiira,"  more 
or  less  nearly  circular,  with  a  fringing  "penumbra,"  composed  of 
fliamcuts  itirectcd  radially.  The  umbra  itself  is  not  uniformly  dark 
throughout,  but  is  overlaid  with  filmy  clouds  which  require  a  good 
telescope  and  helioscope  to  make  them  visible.     I'sually,  also,  in  the 
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umbra  there  are  several  round  and  very  black  siwta,  which  are  some- 
times called  "nucleoli,"  but  are  often  referred  to  as  "Dawetf 
holes,"  after  the  name  of  their  first  discoverer.  But  while  this  is  the 
appearance  of  what  may  be  taken  as  a  normal  spot,  very  few  are 
strictly  noimal.  Moat  of  them  are  more  or  less  irregular  id  form. 
They  are  often  gathered  in  groups  with  a  common  penumbra,  and 
partly  covered  by  brilliant  "  bridges  "  extending  across  from  the  oat- 
side  photosphere.  Often  the  umbra  is  out  of  the  centre  of  the  pe- 
numbra, or  has  a  penumbra  only  on  one  side,  and  the  penumbral 


na.OT.  — ANORuaeDDSpat.    (Btodil;  modlbd.) 

filaments,  instead  of  being  strictly  radial,  are  frequently  distorted  in 
every  conceivable  way.  In  fact,  the  normal  spots  form  a  very  small 
proiwrtion  of  the  whole  number. 

The  darkest  portions  of  the  ambra  are  dark  only  by  contrast. 
Photometric  observations  (by  Langley)  show  titat  even  the  nucleus 
givc4  at  least  one  per  cent  as  much  light  as  a  corresponding  area 
of  tile  photoEipliere ;  that  is  to  say,  as  we  shall  see  hereafter,  the 
darkest  portion  of  a  sun  siK>t  is  brighter  than  a  calcium  light. 

294.  The  spots  are  unquestionably  caritiea  or  deprtsmoM  iu  the 
photosphere,  filled  with  gases  and  vapors  which  are  cooler  than  the 
siirroutidiiig  portions,  and  therefore  absorb  a  considerable  propor- 
tioji  of  li.i;ht.     The  fnct  that  they  are  caoittes  is  shown  by  Hie  change 
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in  the  appearaoce  of  a  spot  as  it  approacliee  the  edge  of  the  disc. 
Wheu  a  normal  spot  is  near  the  centre  of  the  disc,  the  nucleus  is 
nearly  central.  As  it  approaches  the  edge,  the  penumbra  hecomes 
wider  on  the  outer  edge  and  narrower  on  the  inner,  and  just  before 
the  spot  disappears  around  the  limb  of  the  sun,  the  penumbra  on  tlie 
inner  edge  entirely  disappears,  —  the  appearance  being  precisely 
such  as  would  be  shown  by  a  saucer-shaped  cavity  in  Xhe  surface 
of  a  globe,  the  bottom  of  the  cavity  being  painted  black  to  repre- 
sent the  umbra,  and  the  sloping  sides  gray  for  the  penumbra.  Fig. 
98  represents  the  phenomena  in  a  schematic  way.  Observations 
upon  a  single  spot  would  hardly  be  sufflcieut  to  substantiate  this. 


Fio.  m.  —  Sub  Spot!  u  CuFliles. 

because  the  spots  are  bo  irregular  in  their  form ;  but  by  obser^iDg 
the  behavior  of  several  hundred  of  them  the  truth  comes  out  quite 
clearly.  Occasionally,  when  a  very  large  spot  passes  off  the  sun's 
limb,  the  depression  can  he  seen  with  the  telescope. 

The  fact  was  firat  discovered  by  Wilson  of  Glasgow  something 
more  than  a  hundred  years  ago.  Previously  it  had  very  commonly 
been  supposed  that  the  spots  were  elevated  above  the  general  surface 
of  the  sun,  and  the  idea  still  survives  in  certain  quarters,  though  cer- 
tainly incorrect. 

295.  The  penumbra  is  usually  composed  of  "thatch-straws,"  or 
long  drawn-out  granules  of  photospheric  matter,  which,  as  has  been 
said,  converge  in  a  general  way  towards  the  centre  of  the  spot.  At 
the  inner  edge  the  penumbra,  from  the  convergence  of  these  filaments, 
is  usually  brighter  than  the  outer.  The  inner  ends  of  the  filaments 
are  generally  club-formed ;  but  sometimes  they  are  drawn  out  into 
fine  points,  which  seem  to  curve  downward  into  the  nmbra  like  the 
rushes  over  a  pool  of  water.  The  outer  edge  of  the  penumbra  is 
usually  pretty  definite,  and  the  penumbra  there  is  darker.     Around 
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the  spot  the  photosphere  is  much  disturbed  and  elevated  into  faculse, 
which  sometimes  radiate  outward  from  the  spot  like  streams  of 
lava  from  a  crater,  though,  of  course,  they  are  really  nothing  of  the 
soit. 

200.  Dimenflions  of  Son  Spots. — The  diameter  of  the  umbra  of 
a  sun  spot  ranges  all  the  way  from  500  to  1000  miles  in  the  case  of 
a  very  small  one,  to  50,000  or  60,000  miles  in  the  case  of  the  Irrger 
ones.  The  penumbra  surrounding  a  group  of  spots  is  sometimes 
150,000  miles  across,  though  that  would  be  rather  an  exceptional 
size.  Not  infrequentl}'  sun  spots  are  large  enough  to  be  seen  by  the 
naked  eye,  and  they  have  been  often  so  seen  at  sunset  or  through  a 
fog.  The  depth  by  which  the  umbra  is  depressed  below  the  general 
surface  of  the  photosphere  is  very  difficult  to  determine,  but  accord- 
ing to  Faye,  Carrington,  and  others,  it  seldom  exceeds  2500  miles, 
aud  more  often  is  between  500  and  1500. 

297.  Bevelopment  and  Changes  of  Fomi.  —  Generally  the  origin 
of  a  sun  spot  fails  to  be  observed.  It  begins  from  an  insensible 
point,  and  rapidly  grows  larger,  the  penumbra  usually  appearing 
only  after  the  nucleus  is  fairly  developed. 

If  the  disturbance  which  causes  the  spot  is  violent,  the  spot  usually 
breaks  up  into  several  fragments,  and  these  again  into  others  which 
tend  to  separate  from  each  other.  At  each  new  disturbance  the  for- 
ward portions  of  the  group  show  a  tendency  to  advance  eastward 
on  the  sun's  surface,  leaving  behind  them  a  trail  of  smaller  spots. 

298.  The  *<  segmentation  "  of  a  spot,  as  Faye  calls  it,  is  usually  effected 
l>y  the  formation  of  a  "  bridge/'  or  streak  of  brilliant  light,  which  projects 
itself  across  the  penumbra  and  umbra  from  the  outside  photosphere.  These 
bridges  are  mere  extensions  of  the  surrounding  faculse,  and  are  often  in- 
tensely bright. 

Occasionally  a  spot  shows  a  distinct  cyclonic  motion,  the  filaments  being 
drawn  inward  spirally ;  and  in  different  members  of  the  same  group  of  spots 
the  cyclonic  motions  are  not  seldom  in  opposite  directions. 

When  a  spot  at  last  vanishes  it  is  usually  by  the  rapid  encroachment  of 
the  photosphcric  matter,  which,  as  Secchi  expresses  it,  appears  to  *^  fall  pell- 
mell  into  the  cavity,"  completely  burying  it  and  leaving  its  place  covered 
by  a  group  of  faculje.  Figs.  99-104  (see  page  201)  show  the  changes  which 
took  place  in  the  great  spot  of  September,  1870.  They  are  from  photographs 
hv  Mr.  Rutherfurd  of  New  York,  and  are  borrowed  from  **  The  New  Astron- 
oniy  "  of  Professor  Langley,  through  the  courtesy  of  his  publishers. 


188 


THE   SUN. 


299.  Spots  within  15°  or  20°  of  the  sun's  equator  generally,  on 
the  whole,  drift  a  little  towards  it,  while  those  in  higher  latitudes 
drift  away  from  it ;  but  the  motion  is  slight,  and  exceptions  are  fre- 
quent. 

In  and  around  the  spot  itself  the  motion  is  usually  inward  towards 
the  centre,  and  downward  at  the  centre.  Not  infrequently  the  frag- 
ments at  the  inner  end  of  the  penumbral  filaments  appear  to  draw 
off,  move  towards  the  centre  of  the  spot,  and  then  descend.  Occa- 
sionally, though  seldom,  the  motion  is  vigorous  enough  to  be  detected 
by  the  displacement  of  lines  in  the  spectrum. 

300.  Bnration. — The  duration  of  the  spots  is  very  various,  but, 
astronomically  speaking,  the}*  are  always  short-lived  phenomena, 
sometimes  lasting  for  only  a  few  days,  more  frequently,  perhaps,  for 
a  month  or  two.  In  a  single  instance,  a  spot  has  been  observed 
through  as  many  as  eighteen  successive  revolutions  of  the  sun. 

301.  Distribution.  —  It  is  a  significant  fact  that  the  spots  are  con- 
fined mostly  to  two  zones  of  the  sun's  surface  between  5°  and  40°  of 
latitude  north  and  south.     A  few  are  found  near  the  equator,  none 


Fig.  106.  — DistributioQ  of  Sun  Spots  in  Latitude. 


beyond  the  latitude  of  45°.     Fig.  105  shows  the  distribution  of  sev- 
eral thousand  spots  as  observed  by  Carrington  and  Sporer. 

Occasionally,  what  Trouvelot calls  "veiled  spots"  are  seen  beyond 
the  45°  limits  —  grayish  patches  surrounded  by  faculae,  which  look  as 
if  a  dark  mass  were  submerged  below  the  surface  and  dimly  seen 
through  a  semi-transparent  medium. 
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302.  TheoriM  at  to  the  Vatore  of  the  Spots.  —  We  first  mention 
(a)  the  theory  of  Sir  William  Herschel,  because  it  still  finds  place 
in  certain  text-books,  though  certainly  incorrect.  His  belief  was 
that  the  spots  were  openings  through  two  luminous  strata,  which  he 
supposed  to  surround  the  central  globe  of  the  sun.  This  globe  he 
supposed  to  be  dark  (and  even  habitable!).  The  outer  stratum,  the 
photosphere,  was  the  brighter  of  the  two,  and  the  o|)ening  in  it  the 
lai^er,  while  tlie  inner  shell  between  it  and  the  solid  globe  was  of  less 
luminous  substance,  and  formed  the  penumbra.  He  thought  the  open- 
ing through  these  might  be  caused  by  volcanoes  on  the  globe  beneath. 

• 

303.  (b)  Another  theory,  now  abandoned,  was  proposed  inde- 
pendently both  by  Secchi  and  Faye  about  1868.  The}*  supposed  that 
the  s\yots  were  oi^enings  in  the  photosphere  caused  by  the  bursting 
outward  of  the  imprisoned  gases  underneath  it ;  tlie  photosphere  at 
that  time  being  supposed  to  be  liquid. 

They  explained  the  darkness  of  the  centre  of  the  spot  by  the  fact  that  a 
heated  gas  at  a  given  temperature  has  a  lower  radiating  power  and  sends 
out  much  less  light  than  a  liquid  surface^  or  than  clouds  formed  by  the  con- 
densation of  the  same  material  at  even  a  lower  temperature.  This  is  true 
of  gases  at  low  pressure,  but  not  of  gases  under  great  compression,  such  as 
must  l>e  the  case  within  the  body  of  the  sun.  Besides,  if  the  gases  possessed 
the  small  radiating  power  necessary  to  this  theory,  they  would  also  possess 
small  absorbing  power,  and  therefore  would  be  transparent;  the  inner  side  of 
the  photosphere  on  the  opposite  side  of  the  sun  would  therefore  be  visible 
through  the  opening,  so  that  the  centre  of  such  an  eruption  would  not  be 
dark,  but,  if  anything,  brighter  than  the  general  solar  surface.  Moreover,  as 
we  now  know  from  the  spectroscopic  evidence,  the  motion  at  the  centre  of  a 
spot  is  inward y  not  outward. 

304.  (c)  Faye  more  recently  has  proposed  and  now  maintains  a 
theory  which  has  numerous  good  points  about  it,  and  is  accepted  by 
many,  viz. :  that  the  spots  are  analogous  to  storms  on  the  earth,  being 
cyclones^  due  to  the  fact  that  the  portions  of  the  sun's  surface  near 
the  equator  make  their  revolution  in  a  shorter  time  than  those  in 
iuglior  latitudes.  This  causes  a  relative  drift  in  adjacent  ix>rtions  of 
the  photosphere,  and  according  to  him  gives  rise  to  vortices  or  tchirl- 
pnoh  like  those  in  swiftl}*  running  water.  The  theory  explains  the 
distribution  of  the  spots  (which  abound  precisely  in  the  regions 
wlioro  this  relative  drift  is  at  the  maximum)  and  many  other  facts, 
such  as  their  "  segmentation."  According  to  it,  however,  all  spots 
should   l>o  cyclonic,   and   the  spiral  motion  of  all   the   spots  in  the 
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northern  hemisphere  should  be  dock-wise^  while  in  the  southern  hemi- 
sphere they  should  be  counter -dock-wise.  Now,  as  a  matter  of  fact, 
only  a  very  few  of  the  spots  show  such  spiral  motions,  and  there  is 
no  such  agreement  in  the  general  direction  of  the  motion  as  the 
theory  requires. 

Faye  attempts  to  account  for  this  by  sajing  that  we  do  not  see  the  vortex 
itself,  but  only  the  cloud  of  cooler  materials  which  is  drawn  together  by 
the  down-rushing  vortex,  itself  hidden  beneath  this  cloud.  Still,  it  would 
seem  that  in  such  a  case  the  cloud  itself  should  gyrate.  Moreover,  the 
relative  drift  of  the  adjacent  portions  of  the  photosphei*e  is  too  small  to 
account  for  the  phenomena  satisfactorily.  In  the  solar  latitude  of  20^  two 
points  separated  by  1'  of  the  sun's  surface  (123  miles)  have  a  relative  daily 
drift  of  only  about  four  and  one-sixth  miles,  insufficient  to  produce  any  sen- 
sible whirling. 

305.  {d)  Secchi's  later  theory.  He  supposed  the  spots  to  be  due 
to  eruptions  from  the  inner  portions  of  the  ^un's  surface,  not  in  the 
spot,  however,  but  only  near  it ;  the  spot  itself  being  formed  by 
the  settling  down  upon  the  photosphere  of  materials  thrown  out  by 
the  eruption  and  cooled  by  their  expansion  and  their  motion  through 
the  upper  regions.  We  have,  however,  in  fact,  as  a  usual  thing,  not 
a  single  eruption,  but  a  ring  of  eruptions  all  around  every  large  spot, 
all  of  them  converging  their  bombardment,  so  to  speak,  upon  the 
same  centre,  —  a  fact  very  difficult  to  explain  if  the  s|X)t  origi- 
nates in  the  eruption,  but  not  difficult  to  understand  if  the  eruptions 
are  the  result  of  the  spot. 

Perhaps  the  true  explanation  may  be  that  when  an  eruption  occurs 
at  any  spot,  the  photosphere  somewhere  in  the  neighborhood  settles 
doicn  in  consequence  of  the  diminution  of  the  pressure  beneath^  thus 
forming  a  ''w'nA:,"  so  to  speak,  which  is  of  course  covered  by  a 
greater  depth  of  cooler  vapors  above,  and  so  looks  dark. 

806.  (e)  Mr.  Lockyer,  in  his  recent  work  on  the  chemistry  of  the 
sun,  revives  an  old  theory,  first  suggested  by  Sir  John  Hei^schel  and 
accepted  by  the  late  Professor  Peirce,  that  the  spots  are  not  formed 
by  any  action  from  within,  but  by  cool  matter  descending  from  above, 
—  matter  very  likely  of  meteoric  origin  ;  but  it  is  difficult  to  see  how 
the  distribution  of  the  spots  with  reference  to  the  sun's  equator  can 
be  accounted  for  in  this  way. 

On  the  whole  it  is  impossible  to  say  that  the  problem  of  the  origin 
of  sun  spots  is  yet  satisfactorily  solved.     There  is  no  question  that 
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suD  Spots  are  cloael;  associated  with  eruptions  from  beneath ;  but 
which  is  cause  and  which  effect,  or  whether  both  are  due  to  some 
external  action,  remains  imdetermined. 

307.  Periodicity  of  Snn  Spots.  —  In  1851  Schwabe  of  Dessau,  by 
the  comparison  of  an  extensive  series  of  observations  running  over 
nearly  thirty  years,  showed  that  the  sun  spots  are  periodic,  being  at 
times  vastly  more  numerous  than  at  others,  with  a  roughly  regular 
recurrence  every  ten  or  eleven  years.  This  had  been  surmised 
by   Horrebow  more  than   R  century  before,   though    not    proved. 


Fia.  lOa.  —  Woira  SuD-BpM  Itumbtn. 

Siiltsequent  study  Hilly  confirms  this  remarkable  result  of  Schwabe. 
Wolf  of  Zurich  has  collected  all  tbe  observations  discoverable  and 
finds  a  pretty  complete  record  back  to  1610.  Prom  these  records  ia 
foustnicted  the  annexed  diagmni.  Fig.  106.  The  ordinates  of  the 
curve  represent  what  Wolf  calls  his  "  relative  numbers," '  which  he 
has  adopt«d  aa  representing  the  epottedness. 

1  T1ii>  "  rrlalifc  numtH:'r"ii  formcU  in  nllier  mn  arbilniTjr  manner  from  the 
chscrTalinns  which  Wolf  hunted  up  ■■  th«  basU  of  bii  mTettigation.  The 
furniula  it.  r  (ihe  relative  number)  =l!  (\0g+/),  in  which  g  it  the  namber 
uf  urtiupi  nnil  ifoUted  apoti  obierved,  /  tbe  total  number  of  ipot*  which  can 
he  counieil  in  these  groupi  and  ainKly,  while  (  ia  ■  eocAcient  which  dependa 
u]ion  the  observer  and  the  aiie  of  his  telescope:  it  is  large  tor  a  small  telMCOpe 
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The  average  period  is  eleven  and  one-tenth  years,  but,  as  the  figure 
shows,  the  spot  maxima  are  quite  irregular,  both  in  time  and  as  to 
the  extent  of  spottedness.  The  last  spot  maximum  occurred  in 
1883-84  (a  year  or  two  behind  time),  and  we  are  now  (1888)  ap- 
proaching a  minimum.  During  a  maximum  the  surface  of  the  sun 
is  never  free  from  spots,  from  twenty-five  to  fifty  being  frequently 
visible  at  once.  During  a  minimum,  on  the  other  hand,  weeks  often 
pass  without  the  appearance  of  a  single  one. 

308.  Possible  Cause  of  the  Periodicity.— The  cause  of  this  periodicity 

is  not  known.  It  has  been  attempted  to  connect  it  with  planetary  action. 
Some  things  in  the  Kew  statistics  of  the  sun  spots  look  as  if  Venus,  Mer- 
cury, and  the  Earth  had  something  to  do  with  it,  the  sun's  surface  being 
more  spotted  when  these  planets  approach  nearer;  but  the  evidence  is 
insufficient,  or  at  least  needs  to  be  supplemented  by  further  comparisons. 
Jupiter  also  has  been  suspected.  His  period  is  11.86  years,  which  is  not 
very  different  from  the  mean  sun-spot  period;  but  au  examination  of  the 
different  spot  maxima  show  that  some  of  them  have  occurred  when  he  was 
near  perihelion,  and  othera  when  he  was  near  aphelion ;  and  on  the  whole 
there  is  very  little  reason  for  supposing  that  he  has  any  considerable  influ- 
ence in  the  matter. 

Sir  John  Herschel  suggested  that  it  might  be  due  to  streams  of  meteors 
moving  in  an  oval  orbit  with  a  period  of  about  eleven  years,  and  approach- 
ing so  near  at  perihelion  that  numerous  members  of  the  meteoric  group  actu- 
ally fall  into  the  sun ;  but,  as  has  been  said  before,  the  distribution  of  the 
spots  would  seem  to  contradict  the  idea. 

309.  Terrestrial  Influence  of  the  Son  Spots. — One  influence  of 
the  sun  spots  upon  the  earth  is  perfectly  demonstrated.  When  the 
spots  are  numerous,  magnetic  disturbances  (the  so-called  magnetic 
storms)  are  most  numerous  and  violent  upon  the  earth,  a  fact  not  to 
be  wondered  at  since  violent  disturbances  upon  the  sun's  surface 
have  been  in  many  individual  cases  immediately  followed  by  mag- 
netic storms,  with  a  brilliant  exhibition  of  tlie  Aurora  Borealis.  The 
nature  and  mechanism  of  the  connection  is  as  vet  unknown,  but  of 
the  fact  there  can  be  no  question.  The  dotted  lines  in  the  figure  of 
the  sun-spot  periodicity-  (Fig.  106)  represent  the  magnetic  storminess 
of  the  earth  at  the  indicated  dates ;  and  the  correspondence  between 
these  curves  and  the  curve  of  spottedness  makes  it  impossible  to 
doubt  the  connection. 

and  not  very  persistent  observer,  and  approaches  unity  the  more  likely  the 
observer  may  be  supposed  to  have  noted  every  sun  spot  that  appeared  during 
the  time  covered  by  his  observations. 
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310.  In  has  been  attempted,  also,  to  show  that  greater  or  less 
disturbance  of  the  sun's  surface,  as  indicated  by  the  greater  fre- 
quency of  the  sun's  spots,  is  accompanied  by  effects  upon  the  meteo- 
rology of  the  earthy  upon  its  temperature,  barometric  pressure,  storm- 
iness,  and  the  amount  of  rain-fall.  The  researches  of  Mr.  Meldrum 
of  Mauritius  with  respect  to  the  cyclones  in  the  Indian  Ocean  appear 
to  bear  out  the  conclusion  that  there  may  be  some  such  connection  in 
that  case,  but  the  general  results  are  by  no  means  decisive.  In  some 
parts  of  the  earth  the  rain-fall  seems  to  be  greater  during  a  spot 
maximum  ;  in  others,  less. 

As  to  tlie  temperature,  it  is  still  uncertain  whether  it  is  higher  or 
lower  at  the  time  of  a  sjwt  maximum.  The  spots  themselves  are 
cooler  (as  Henry,  Secchi,  and  Langley  have  shown)  than  the  general 
surface  of  the  photosphere ;  but  their  extent  is  never  sufficient  to 
reduce  the  amount  of  heat  radiated  from  the  sun  by  as  much  as  yij^^jf 
part.  On  the  other  hand,  when  the  spots  are  most  numerous,  the 
generally  disturbed  condition  of  the  photosphere  would,  as  Langley 
has  sliown,  necessarily  be  accompanied  by  an  increased  radiation. 

Dr.  Gould  considers  that  the  meteorological  records  in  the  Ai^en- 
tine  Republic  between  1875  and  1885  show  an  indubitable  connection 
between  the  icind  curi'ents  and  the  number  of  sun  spots.  But  the 
demonstration  of  such  a  relation  really  requires  observations  running 
through  several  siK)t  periods.  On  the  whole,  it  is  now  quite  certain 
that  whatever  influence  the  sun  spots  exert  upon  terrestrial  meteo- 
rology is  very  slight,  if  it  exists  at  all. 

THE  SOLAR  SPECTRUM   AND   ITS   REVELATIONS. 

311.  About  18G0  the  spectroscope  appeared  in  the  field  as  a  new 
and  powerful  instrument  of  astronomical  research,  at  once  resolving 
many  problems  as  to  the  nature  and  constitution  of  the  heavenly  bodies 
wiiich  before  had  not  seemed  to  be  even  open  to  investigation. 

The  essential  part  of  the  apparatus  is  either  a  prism  or  train  of 
prisms,  or  else  a  diffraction  grating,*  which  is  capable  of  performing 
the  same  office  of  dispersing  —  that  is,  of  spreading  and  sending  in 
diflferout  directions  —  the  light  rays  of  different  wave-lengths.  If, 
with  such  a  ''  dittiwrsion  piece**  as  it  may  l>e  called  (either  prism  or 
grating) ,  one  looks  at  u  distant  iK>int  of  light,  as  a  star,  he  will  see 


^  The  grating  is  merely  a  piece  of  glass  or  speculum  metal,  ruled  with  many 
thousainl  straight,  equidistant  lines,  from  5000  to  20,000  in  the  inch.  Usually  the 
surface  before  ruling  is  accurately  plane,  but  for  some  purposes  the  concact  grat- 
iii>:s,  oritfinatoil  by  Professor  Rowland,  are  preferable. 


194 


THE   SUN. 


instead  of  a  point  a  long  streak  of  light,  red  at  one  end  and  violet 
at  the  other.  If  the  object  looked  at  be  not  a  point,  but  a  line  of 
light  parallel  to  the  edge  of  the  prism  or  to  the  lines  of  the  grating, 
then,  instead  of  a  mere  colored  streak  without  width,  one  gets  a 
spectrum^  a  colored  band  of  light,  which  may  show  markings  that 
will  give  the  observer  most  valuable  information.  (Physics,  pp. 
458-460.)  For  convenience'  sake  it  is  usual  to  form  this  line 
of  light  by  admitting  the  light  through  a  narrow  "  s/t7,^*  which  is 
at  one  end  of  a  tube  having  at  the  other  end  an  achromatic  object- 
glass  at  such  a  distance  that  the  slit  is  in  its  principal  focus. 
This  tube  with  slit  and  lens  constitutes  the  ^''collimator  "  so  called  be- 
cause it  is  precisely  the  same  as  the  instrument  used  in  connection  with 
the  transit  instrument  to  adjust  its  line  of  collimation  (Article  60). 

Instead  of  looking  at  the  spectrum  with  the  naked  eye,  however, 
it  is  better  in  most  cases  to  use  a  small  telescope ;  called  the  ^^  vieto- 
telescope"  to  distinguish  it  from  the  large  telescope,  to  which  the 
spectroscope  is  often  attached. 


Prism'Spcctroacope 


Oraiino-Spectroecope 


ColUmator 


Direct- Vision  Speetfmcope 
Fio.  107.  —  Different  Forms  of  Spectroscope. 


312.  Constmotion  of  the  Spectroscope.  —  The  instrument,  there- 
fore, as  usually  constructed,  and  shown  in  Fig.  107,  consists  of  three 
parts, — collimator,  dispersion-piece,  and  view-telescope;  but  in  the 
direct-vision  spectroscope,  shown  in  the  figure,  the  view-telescope  is 
omitted.     If  the  slit,  5,  be  illuminated  by  strictly  homogeneous  light 
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all  of  one  wav«-len^i,  stij  ^rellow,  tlic  "reHl  Image"  of  tlio  illt 
will  be  found  at  1'  If  at  the  Bame  time  light  of  a  dilTcnilit 
wave-length  be  also  admitted,  say  red,  a  second  image  will  l>o 
formed  at  R,  and  the  observer  will  see  a  spectrum  with  two  "  Iirlglit 
lines,"  the  lines  being  reallj  nothing  more  tlian  imagfs  of  the  dit.  If 
light  from  a  candle  be  admitted,  there  will  be  an  iuflnlto  numlwr  of 
these  slit-images,  close  packed,  like  the  pickets  in  a  fence,  witliout 
interval  or  break,  and  wc  then  get  a  continuous  8i>ectmm ;  but  If  we 
look  at  snnlight  or  moonlight,  we  shall  find  a  spectrum  cuntiiuimis  in 
the  main,  but  crossed  by  numerous  dark  lines,  as  If  some  of  the 
"  pickets  "  had  been  knocked  ofl|  leaving  gaps. 


S13     LMfnC^  mi  Amif^at  ■|Mtriie»yi.  — »  we  sinplT 
difK-*.  u^  -It  .'t^/0  1^  %  w^tT'i^^y.  V/war'ln   a  distant  iDnimtH 

"A/---.    n<^j  >*»■  '^  •*.»  .m  rtf^-r0%  |i]|;ht  Irtim  trtrj  pait  <rf  tl« 
ty.j-'f,   ■>,  '.i— *   -   Mi*  *fm0  ^pry  •>l»<iMntarj'  metak  '4  the  afffAnai 
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is  a  spectrum  of  the  entire  l3ody,  without  distinction  of  parts.     A 
spectroscope  used  in  this  wa}'  is  said  to  be  an  integrating  instrument. 

If,  however,  we  interpose  a  lens  (the  object-glass  of  a  telescope) 
l)etvveen  the  luminous  object  and  the  slit,  so  as  to  have  in  the  plane 
of  the  slit  a  distinct,  real  image  of  the  object,  then  the  top  of  the 
slit,  for  instance,  will  be  illuminated  wholly  by  light  from  one  part 
of  the  object,  the  middle  of  it  by  light  from  another  point,  and  the 
bottom  by  light  from  still  a  third.  The  spectrum  formed  by  the  top 
of  the  slit  belongs,  then,  to  the  light  from  that  particular  point  of  the 
object  whose  image  falls  upon  that  part  of  the  slit ;  and  so  of  the 
rest.  We  thus  separate  the  spectra  of  the  different  parts  of  the 
object,  and  so  optically  analyze  it.  An  instrument  thus  used  is 
spoken  of  as  an  ^''analyzing  spectroscope"  The  combined  instru- 
ment formed  by  attaching  a  spectroscope  to  a  large  telescope  for 
the  spectroscopic  observation  of  the  heavenly  bodies  has  been  called 
by  Mr.  Lockyer  a  "telespectroscope."  Fig.  108  shows  the  apparatus 
used  by  the  writer  for  some  years  at  Dartmouth  College. 

For  solar  purposes  a  grating  spectroscope  is  generally  better  than  a 
prismatic,  being  less  complicated  and  more  compact  for  a  given  power. 

314.  Principles  upon  which  Spectrum  Analysis  depends.  —  These, 
substantial! v  as  announced  bv  KirchofT  in  18o8,  are  the  three 
following  :  — 

1st,  A  continuous  spectrum  is  given  b}'  every  incandescent  body, 
the  molecules  of  which  so  interfere  with  each  other  as  to  prevent 
their  free,  independent,  luminous  vibration ;  that  is,  by  bodies  which 
are  either  solid  or  liquid^  or,  if  gaseous,  are  under  high  pressure. 

2d,  The  spectrum  of  a  gaseous  element,  under  low  pressure,  is 
discontinuous,  made  up  of  bright  lines,  and  these  lines  are  character- 
istic ;  that  is,  the  same  substance  under  similar  conditions  always 
gives  the  same  set  of  lines,  and  generally  does  so  even  under  widely 
different  conditions. 

3d,  A  gaseous  substance  absorbs  from  white  light  passing  through 
it  precisely  those  rays  of  ichich  its  oicn  spectrum  consists.  The  spec- 
trum of  white  light  which  has  been  transmitted  through  it  then  ex- 
hibits a  *^ reversed"  spectrum  of  the  gas  ;  that  is,  one  which  shows  dark 
lines  instead  of  the  characteristic  bright  lines. 

Fig.  109  illustrates  this  principle.  Suppose  that  in  front  of  the  slit 
of  the  spectroscope  we  place  a  spirit  lamp  with  a  little  carbonate  of 
soda  and  some  salt  of  thallium  upon  the  wick.  We  shall  then  get  a 
spectrum  showing  the  two  yellow  lines  of  sodium  and  the  green  line 


%}-.. 
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of  thallium,  bright-  If  now  the  time-light  be  slarted  right  behind  the 
lamp  fl&me.  we  shall  at  once  gel  the  effect  shown  in  the  lower  figure, 
—  a  continnous  spectrum  crossed  by  biach  lines  Just  where  the  bright 
lines  were  before.  Insert  a  sereen  between  the  lamp  flame  and  the 
lime,  and  the  dark  lines  instantly  show  bright  again. 


815.     diemioBl  CoiutitaMita  of  the  8na. — By  taking  adTanto^ 
of  these  principles  we  can  detect  the  presence  of  a  lai^  number  at 
well-known  terrestrial  elements  in  the  sun.     The  solar  spectrnm  ia 
crossed  by  dark  lines,  which,  with 
an  instrument  of  high  dispereioo, 
number  several  thoaaand,  and  t^ 
proper  arrangements  it  is  possible 
to  identify  among  these  lines  mai^ 
which  are  due  to  the  preaenoe  in 
the  sun's    lower   atrooaphere    of 
known  terrestrial  elements  in  tJie 
Fio.  nn.  ^Tbe  CompviiiHi  Prin.  stateof  Tapor.     Toefteot  the  com- 

parison necessary  for  this  purpose, 
the  si>ectroaco|>e  must  be  soarrangedtbattJieobservercan  have  before 
him,  side  l>v  side,  the  spectrum  of  sunlight  and  that  of  the  aabstance 
to  be  tested.  Id  order  t»  do  this,  half  of  the  slit  Is  fitted  witb  a  tittle 
"  ram/KiriNon  prism,"  soK;alled  (Fig.  110),  which  reflects  Into  itilie 
light  from  the  sun,  while  the  other  half  of  the  slit  reoeives  directly 


198  THE  SUN. 

the  light  of  sonic  name  or  electric  spark.  Un  looking  into  the  eye- 
piece of  tlie  spectroscope,. the  oliserver  will  then  see  a  si>ecti'uni,  the 
lower  half  of  which,  for  instance,  is  made  hy  suDlight,  while  the 
upper  half  is  made  by  li<i;lit  coming  from  an  electric  spark  betweea 
two  metal  poiuts,  say  of  iron. 

Photography  may  also  be  most  effectively  used  in  these  compari- 
sons instead  of  the  eye.  Fig.  Ill  is  a  rather  unsatisfactory  repro- 
duction, on   a  reduced  scale,   of  a  negative  recently  made  by  Pro- 


CompuriuD  uf  ibe  SoluSprElrum  nllli  ItuI  of  Iron.    From  ■  NtgaUvt  by  Prat.  TraobrMg*. 

feasor  Trowbridge  at  Cambridge.  *rhe  lower  half  is  the  violet  por- 
tion of  the  spectrum  of  thf  sun,  and  tlie  up()er  half  that  of  the  vapor 
of  iron  in  an  electric  arc.  The  reader  can  see  for  himself  with  what 
absolute  certaintj'  such  a  photograph  indicates  the  presence  of  iron 
in  tlie  solar  atmosphere.  A  few  of  the  lines  in  the  photograph 
which  do  not  show  corres|iouding  lines  in  the  solar  spectrum  are  due 
to  impmities  in  the  carbon,  and  not  to  iron. 

316.     As  the  result  of  such  comparisons  we  have  the  following  list 
of  twelve  elements,  which  are  certainly  known  to  exist  in  the  sun, 


Dearly  as  many 


hydn^en, 
iron, 

cobalt, 
chromium. 

titniiium, 

barium. 

calcium, 

sodium. 

manganese, 
nickel. 

magnesium, 
platinum. 

nees,  |ierhapa 
mor.-,  viz.:  — 

not  qnite  conchisive,  of  the  presence  of 

cop|.er, 

pallndinni, 

vanadium, 

aluminium, 

molybdenum. 

lead. 

carbon. 
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As  to  carbon,  however,  the  spectrum  is  so  pecaliar,  consisting  of 
bands  rather  than  lines,  that  it  is  very  difficult  to  be  sure,  but  the 
tendency  of  the  latest  investigations  (of  Rowland  and  Hutchins)  is  to 
establish  its  right  to  a  place  on  the  list. 

The  more  recent  researches  have  thrown  much  doubt  on  the  presence  of 
several  substances  which,  a  few  years  ago,  were  usually  included  in  the  list, 
as,  for  instance,  strontium  and  cerium.  It  has  been  generally  admitted  also 
that  the  photographs  of  I>r.  Henry  Draper  had  demonstrated  the  presence 
of  oxygen  in  the  sun,  represented  in  the  solar  spectrum,  not  by  dark  lines 
like  other  elements,  but  by  certain  wide,  bright  bands.  The  latest  work, 
while  it  does  not  absolutely  refute  Dr.  Draper's  conclusion,  appears  however 
to  turn  the  balance  of  evidence  the  other  way. 

317.  It  will  be  noticed  that  all  the  bodies  named  in  the  list,  carbon 
alone  excepted,  are  metals  (chemically  hydrogen  is  a  metal) ,  and  that 
a  multitude  of  the  most  important  teirestrial  elements  fail  to  appear ; 
oxygen  ( ?) ,  nitrogen,  chlorine,  bromine,  iodine,  sulphur,  phosphorus, 
silicon,  and  boron  are  all  missing.  We  mnst  be  cautious,  however, 
as  to  negative  conclusions.  It  is  quite  conceivable  that  the  spectra  of 
these  bodies  under  solar  conditions  may  be  so  different  from  their  spec- 
tra as  presented  in  our  laboratories  that  we  cannot  recognize  them ;  for 
it  is  now  quite  certain  that  some  substances,  nitrogen,  for  instance, 
under  different  conditions,  give  two  or  more  widely  different  spectra. 

Among  the  many  thousand  lines  of  the  solar  spectrum  only  a  few 
hundred  are  so  far  identified. 

318.  Mr.  Lookyer'i  Views. — Mr.  I.<ockyer  thinks  it  more  prob- 
able that  the  missing  substances  are  not  truly  elementary,  but  are 
decomiK)sed  or  '^  dissociated"  on  the  sun  by  the  intense  heat,  and  so 
do  not  exist  there,  but  are  replaced  by  their  components ;  he  believes, 
in  fact,  that  none  of  our  so-called  elements  are  really  elementary,  but 
that  all  are  decomposable,  and,  to  some  extent  actually  decomposed 
in  the  sun  and  stars,  and  some  of  them  by  the  electric  spark  in  our 
own  laboratories.  Granting  this,  a  crowd  of  interesting  and  remark- 
able spectroscopic  facts  find  easy  explanation.  At  the  same  time  the 
hypothesis  is  encumbered  with  great  difficulties  and  has  not  yet  been 
finally  accepted  by  physicists  and  chemists.  For  a  full  statement 
of  his  views  the  reader  is  referred  to  his  *^  Chemistry  of  the  Sun." 

319.  The  Reversing  Layer.  —  According  to  Kirchoff*s  theory  the 
dark  lines  are  formed  by  the  passing  of  light  from  the  minute  solid 
and  liquid  particles  of  which  the  photospheric  clouds  are  supposed  to 
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be  formed,  through  vapors  containing  the  substances  which  we  recog- 
nize in  the  solar  spectrum.  If  this  be  so,  the  spectrum  of  the  gaseous 
envelope,  which  by  its  absorption  forms  the  dark  lines,  should  by  itself 
show  a  spectrum  of  corresponding  bright  lines.  The  opportunities  are 
of  course  rare  when  it  is  possible  to  obtain  the  spectrum  of  this  gas- 
stratum  alone  by  itself;  but  at  the  time  of  a  total  eclipse,  at  the 
moment  when  the  sun's  disc  has  just  been  obscured  by  the  moon, 
and  the  sun*s  atmosphere  is  still  visible  beyond  the  moon's  limb, 
if  the  slit  of  the  spectroscope  be  carefully  adjusted  to  the  proper 
point,  the  observer  ought  to  see  this  bright-line  spectrum.  The 
author  succeeded  in  making  this  very  observation  at  the  Spanish 
eclipse  of  1870.  The  lines  of  the  solar  spectrum,  which  up  to  th^ 
final  obscuration  of  the  sun  had  remained  dark  as  usual  (with  the 
exception  of  a  few  belonging  to  the  spectrum  of  the  chromosphere), 
were  suddenly  "  reversed,"  and  the  whole  length  of  the  spectmm  was 
filled  with  brilliant-colored  lines,  which  flashed  oat  quickly  and  then 
gradually  faded  away,  disappearing  in  about  two  seconds,  —  a  most 
beautiful  thing  to  see.  Substantially  the  same  thing  has  since  then 
been  several  times  observed. 


320.  The  natural  interpretation  of  this  phenomenon  is,  that  the  formation 
of  the  dark  lines  in  the  solar  spectrum  is  mainly,  at  least,  produced  by  a  very 
thin  layer  close  down  to  the  photosphere,  since  the  moon's  motion  in  two  seconds 
would  cover  a  thickness  of  only  about  500  miles.  It  was  not  possible,  how- 
ever, to  be  certain  that  all  the  dark  lines  were  reversed,  and  in  this  uncer- 
tainty lies  the  possibility  of  a  different  interpretation.  Mr.  Lockyer  doubts 
the  existence  of  any  such  thin  stratum.  According  to  his  views  the  solar 
atmosphere  is  very  extensive,  and  those  lines  of  iron,  which  correspond  to 
the  more  complex  combinations  of  its  constituents,  are  formed  only  in  the 
regions  of  lower  temperature,  high  up  in  the  sun's  atmosphere.  They  should 
appear  early  at  the  time  of  an  eclipse  and  last  long,  but  not  be  very  bright. 
Those  due  to  the  constituents  of  iron  which  are  found  only  close  down  to 
the  solar  surface  should  be  short  and  bright;  and  he  thinks  that  the 
numeroiLS  bright  lines  observed  under  the  conditions  stated  are  due  to  such 
substances  only.  Observation  needs  to  be  directed  to  the  special  point  to 
determine  whether  all  of  the  dark  lines  are  reversed  at  the  edge  of  the  sun, 
or  only  a  few  *  and  if  so,  what  ones. 

321.  Snn-Spot  Speetnun.  ^  This  is  like  the  general  solar  spectrum, 
except  that  certain  lines  are  much  widened,  while  certain  others  are 
thinned,  and  sometimes  the  lines  of  hydrogen  become  bright.  It  Is 
to  be  noticed  that  by  far  the  larger  proportion  of  the  dark  lines  of  any 
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given  substance  are  not  affected  at  all  in  ti)e  spot  spectnim,  but  only 

a  ceilain   tew  of    them,   a   point 

wliich  Mr.  Lockyer  considers  very 

important.      Not    infrequently    it 

haiipens  tbat  ceitain  lines  of  the 

spectrum  are  crooked  and  broken 

in  connection  witb  sun   spots,  as 

*  «"  »  *^  »  "■        shown    by  Fig.    112.      Such  phe- 

'''"•"*•  nomena  are  caused,  according  to 

Th-ri™.f.i^8^B|^,ru,„«r.aunBpo..     j^pi^^^  principle,'  by  the    swift 

motion  of  matter  towards  or  fVom 

the  observer.     In  tlie  particular  case  shown  in  the  figure,  hydrogen  is 

the  substance,  and   the  greatest  motion  indicated  was  towards  the 

observer  at  the  rate  of  about  300  miles  a  second — an  unusual  velocity. 

These  effects  are  most  noticeable,  not  in  the  spotfi)  but  near  them, 

usually  just  at  the  out«r  edge  of  the  penumbra. 

Tlie  dark  and  apparently  continuous  spectrum  which  is  due  to  the  nucleus 
of  a.  Bun  spot  is  not  truly  continuoun,  but  under  high  dispersion  is  resolved 
into  a  range  of  ejttreraely  fine,  close^packed,  dark  lines,  separated  by  narrow 
spaces.  At  least  this  is  so  in  the  green  and  blue  portions  of  the  spectrum ;  it 
is  more  difficult  to  make  out  this  structure  in  the  yellow  anJ  red.  It  appears 
to  indicate  that  the  absorbing  medium  which  fills  the  hollow  of  a  sun  spot 
is  ffaipniu,  and  not  composed  n(  precipitated  particles  like  smoke,  as  has 
been  suggested. 

'  Dopplcr's  principle  is  Ihie  :  that  when  wc  are  approaching,  or  approached  bf , 
a  body  which  is  emitting  regular  Tibrationi,  then  the  namber  of  waves  received 
by  ua  in  a  second  ia  incrtattd,  and  their  wave-length  correspondingly  diminiihed; 
and  '->ce  ivna  when  the  distance  of  the  vibrating  body  ia  increaaing.  Thua  the 
pitch  of  a  musical  tone  rises  wliile  we  are  approaching  the  sounding  body,  and 
falls  as  we  recede  ;  in  just  tlie  same  way  the  "  refrangibility  "  of  tlie  rays,  say  of 
hydrogen,  emanating  from  tlie  ami  is  incrcaaed  (the  wave-length  being  iliortened) 
whenever  we  are  approaching  it  with  a  speed  which  bears  a  sensible  ratio  to  the 
velocity  of  light.  Calling  \  the  wave-length  of  the  ray  when  the  observer  and 
the  luminous  object  are  relatively  at  rest,  and  \'  the  wave-length  as  affected  by 
their  relative  motion;  pulling  Talso  for  the  velocity  of  light  (about  lS6,'tS0  miles 
per  second),  and  s  for  the  9|)eed  with  which  the  observer  and  source  of  light 
approach  each  other,  we  hnvi- 

[[f  the  distance  is  increasing  instead  of  diminishing,  the  denominator  will  be 
( 1^— ').]  Wilh  the  most  powerful  spectroscopea  motinna  of  from  one  to  two  miles 
per  second  along  the  line  of  sight  can  thus  be  detected. 
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322.  The  Chromosphere. — The  chromosphere  is  a  region  of  the 
sun's  gaseous  envelope  which  lies  close  above  the  photosphere,  the 
^^  reversing  layer ^**  if  it  exists  at  all,  being  only  the  most  dense  and 
liottest  part  of  it.  The  chromosphere  is  so  called,  because  as  seen 
for  an  instant,  during  a  total  solar  eclipse,  it  is  of  a  bright  scarlet 
color,  the  color  being  due  to  the  hydrogen  which  is  its  main  constit- 
uent It  is  from  5000  to  10,000  miles  in  thickness,  and  in  struQture 
is  very  like  a  sheet  of  scarlet  flame,  not  being  composed  of  horizon- 
tal sheets,  but  of  (approximately)  upright  filaments.  Its  appearance 
has  been  compared  very  accurately  to  that  of  ^^ a  prairie  on  fire"; 
but  the  student  must  carefully  guard  against  the  idea  tliat  there  is 
any  real  ^^ burning"  in  the  case;  i.e.,  any  process  of  combination 
between  hydrogen  and  some  other  substance.  The  temperature  is 
altogether  too  high  for  any  formation  of  hydrogen  compounds  at  tlie 
sun's  surface. 

323.  The  Prominenoet.  —  At  a  total  eclipse,  after  the  totality  has 
fairly  set  in,  there  are  usually  to  be  seen  at  the  edge  of  the  moon's 
disc  a  number  of  scarlet,  star-like  objects,  which  in  the  telescope 
appear  as  beautiful,  fiery  clouds  of  various  form  and  size.  These  are 
the  so-called  ^^prominences"  which  very  non-committal  name  was 
given  while  it  was  still  doubtful  whether  they  were  solar  or  luoar. 
Photography,  in  I860,  pix>ved  that  they  really  belong  to  the  sun, 
for  the  photographs  taken  during  the  totality  showed  that  the  moon 
ol>viously  moves  over  them,  covering  those  upon  tlie  eastern  limb, 
and  uncovering  those  u|K>n  the  western. 

In  18G8,  during  the  observation  of  the  eclipse  which  occurred 
that  year  in  India,  the  spectroscope  showed  them  to  be  gaseous, 
and  that  their  main  constituent  is  hydrogen.  Their  spectrum  oon- 
tains  iiUo  a  conspicuous  yellow  line  known  as  the  />s  line,  be- 
cause it  is  very  near  the  two  ^'  D  *'  lines  of  sodium.  This  line 
is  not  due  to  hydrogen,  and  is  not  identified  with  an\'  known  ele- 
ment ;  but  an  element  has  been  assumed  for  it  and  called  provision- 
ally **  h  fit  am.** 

In  connection  with  this  eclipse,  Janssen,  who  observed  it  in  India, 
found  that  the  lines  of  the  prominence  s|)ectrum  were  so  bright  that 
he  was  able  to  ol»ser>'e  them  the  next  day  after  the  eclipse  in  fnll 
sini1i<^ht ;  and  he  also  found  that  by  a  proiier  management  of  his  in- 
strument he  (*()uld  study  the  form  ami  l)ehavior  of  the  prominences 
nearly  as  well  without  an  ecli|>se  as  during  one.  liOckyer,  in  Kng* 
laud,  ainiost  simultaneouslv  had  cx)nie  to  the  same  conclusions  from 
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theoretical  grounds,  find  he  pisictically  perfected  his  discovery  a  few 
weeks  later  than  Janssen,  although  without  knowledge  of  what  he 
bad  doue.  By  a  remarkable  but  accidental  coiueidence  their  diat-ov- 
eries  were  communicated  to  the  French  Academy  on  the  same  day ; 
and  in  their  honor  the  French  have  struck  a  medal  iKariug  their  united 


324.    How  the  Spectroscope  makes  the  Prominences  Visible. — 

The  only  reason  we  cannot  see  the  prominences  at  any  time  is  on 

account  of  the  bright  illumination  of  our  own  atmosphere.     We  can 

screen  off  the  direct  light  of  the  sun ;  but  we  cannot  screen  off  the 

reflected  sunlight  coming  from  tlie  air  which  ia  directly  between  us 

and  the  prominences   themselves ;   a  light 

so   brilliant  that  the    prominences   cannot 

be  seen   through  it  without  some  kind  of 

aid. 

The  spectrum  of  this  air-liglit  is,  of  course, 
just  the  same  as  that  of  the  sun  —  a  con- 
tinuous spectrum  with  the  same  dark  lines 
vio.  IIS.  upon  it.     When,  tlierefore,  we  arrange  the 

BpecuoKopt  Sin  idjutied  tor    apparatus  as  indicated  in  Fig,  113,  pointing 
^^^,  the  telescope  so  that  the  image  of  the  sun's 

limb  just  touches  the  slit  of  the  spectro- 
scope, then,  if  there  is  a  prominence  at  that  point,  we  shall  have  in 
our  spectroscope  two  spectra  superposed  upon  each  other ;  namely, 
the  spectrum  of  the  air-illumination  and  that  of  the  prominence. 
Tiie  latter  is  a  spectrum  of  bright  lines,  or,  if  the  slit  is  opened 
a  little,  of  bright  iiiuiges  of  whatever  part  of  the  prominence  may 
fall  within  tlie  edges  of  the  slit.  Now,  the  brightness  of  these 
images  is  not  affectetl  by  any  increase  of  dispersion  in  the  spectro- 
scope. Increase '  of  dispersion  merely  sets  these  images  farther 
apart,  without  making  them  fainter.  The  si^ectrum  of  the  aerial  illu- 
uiination,  on  tlie  other  hand,  is  made  very  faint  by  its  extensidn  ;  and, 
moreover,  it  jire^fiiitu  d<irk  Hues  (or  spaces  when  the  slit  is  openeil) 
precisely  at  the  )>oints  where  the  bright  images  of  the  prominences 
f.ill. 

A  spectroscope  of  dinitersive  power  sufficient  to  divide  the  two  E 
litics,  attached  to  a  telescope  of  four  or  five  inches  aperture,  gives  a 

<  Too  high  dispersion  injures  tlip  deflnilion,  lioirever,  bec»u*e  the  lines  io  the 
spectrum  of  liyrtrofren  are  rather  broad  unrl  hniy. 
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very  s&tiafactonr  view  of  these  beautiful  objectH ;  the  red  image  cor- 
responds to  the  C  linet  and  is  by  for  the  best  for  such  observations, 
though  the  D^  line  or  the  fline  cau  also  be  used.  When  the  instru- 
ineut  is  properly  adjusted,  the  slit  opened  b  little,  and  the  image  of 
the  sun's  limb  brought  exactly  to  tlie  edge  of  tlie  slit,  Uie  observer 
at  the  eye-piece  of  the  spectroscope  will  see  things  about  as  we  have 
attempted  to  represent  them  in  Fig.  114;  as  if  be  were  looking 
at  the  clouds  in  an  evening  sky  through  a  slightly  o[>ened  window- 
blind. 

32S.  Different  Kindi  of  Prominenoea ;  Their  Fomu  and  Hotiona. 
— The  prominences  may  be  broadly  divided  into  two  classes, — 
the  quieiKenl  or  diffused,  and  the  er>iiitii<f  or  "  inetnllic."  an  Secchi 
calls  them,  because  they  show 
in  their  spectrum  the  lines  of 
many  metals  besides  hydrogen. 
The  former,  illustrated  by  Fig. 
115  (see  p.  20C),  arc  immense 
clowls,  often  CO, 000  miles  in 
height,  and  of  corresponding 
horizontal  dimensions,  either 
reutiiig  upon  the  chromosphere 
or  connected  with  it  by  slender 
stems  like  grcAt  bnnyan-trees. 
They  are  nut  very  bnlliant,  and 
are  comimseil  almost  entirely 
of  hydri)j;cii  and  "  helium." 
They  often  remain  nearly  nn- 
ohaugi'd  for  dayw  together  as 
tlity  pass  over  the  sun's  limb. 

They  urc  found  on  all  portions  of  Uie  disc,  at  the  poles  and  equator 
us  well  as  in  tlie  s]x>t  zones.  Some  of  them  are  clouds  floating 
culirely  detached  from  the  snii's  surface. 

t  Isually  these  clouds  are  simply  the  remnants  of  prominencee  which 
iip{)car  to  have  been  thrown  up  from  below,  but  in  some  cases  they 
lu-tually  form  and  gixiw  Ini^r  witJiout  any  visible  connection  with 
till'  cliromosplicrc  —  a  fact  of  conwiderahle  inijwrtanco,  as  showing  in 
IhoMc  re<;iiiiiH  the  presence  of  hy<lrt^cu.  invisible  to  our  8)K>clrosco|ies 
until  Bomehuw  or  other  it  is  mmie  to  pvu  out  the  rays  of  its  famil- 
iar K|)cctriim.  All  the  forms  and  motions  of  the  prominences,  it 
miiy  In'  n:\\i}  further,  seem  to  indicate  the  aume  thinji  —  that  they 
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exist  and  move,  not  in  a  imcaum^  but  in  a  medium  of  density  com- 
parable witU  their  own,  as  clouds  do  in  our  own  atmosphere. 

326.  The  eruptive  prominences,  on  the  other  hand,  are  brilliant 
and  active,  not  usually  so  large  as  the  quiescent,  but  at  times 
enormous,  reaching  elevations  of  100,000,  200,000,  or  even  400,000 
miles.  They  are  illustrated  by  Fig.  116.  Most  frequently  they  are 
in  the  form  of  spikes  or  flames  ;  but  the}'  present  also  a  great  variety 
of  other  fantastic  shapes,  and  are  sometimes  so  brilliant  as  to  be 
visible  with  the  spectroscope  on  the  surface  of  the  sun  itself,  and  not 
merely  at  the  limb.  Generally  prominences  of  this  class  are  asso- 
ciated with  active  sun  spots,  while  both  classes  appear  to  be  con- 
nected with  the  faculse.  The  figures  given  are  from  drawings  of 
individual  prominences  that  have  been  observed  by  the  author  at 
different  times. 

These  solar  clouds  are  most  fascinating  objects  to  watch,  on  ac- 
count of  the  beauty  of  their  forms,  and  the  rapidity  of  their  changes. 
In  the  case  of  the  eruptive  prominences  the  swiftness  of  the  changes 
is  sometimes  wonderful  —  portions  can  be  actually  seen  to  move,  and 
this  implies  a  real  velocity  of  at  least  250  miles  a  second,  so  that  it 
is  no  exaggeration  to  speak  of  such  phenomena  as  veritable  "*  explo- 
sions "  :  of  course,  in  such  cases  the  lines  in  the  spectrum  are  gceatly 
broken  and  distorted,  and  frequently  a  "magnetic  storm"  follows 
upon  the  earth,  with  a  brilliant  Aurora  Borealis. 

The  number  visible  at  a  single  time  is  variable,  but  it  is  not  very 
unusual  to  find  as  many  as  twenty  on  the  sun's  limb  at  once. 

327.  The  Corona.  —  This  is  a  halo,  or  *'  glory,"  of  light  which  sur- 
rounds the  sun  at  the  time  of  the  total  eclipse.  From  the  remotest 
times  it  has  been  well  known,  and  described  with  enthusiasm,  as  being 
certainly  one  of  the  most  beautiful  of  natural  phenomena. 

The  portion  of  the  corona  nearest  the  sun  is  almost  dazzlingly  bright, 
with  a  greenish,  pearl}'  tinge  which  contrasts  finely  with  the  scarlet 
blaze  of  the  prominences.  It  is  made  up  of  streaks  and  filaments 
which  on  the  whole  radiate  outwards  from  the  sun's  disc,  though 
they  are  in  many  places  strangely  curved  and  intertwined.  Usually 
these  filaments  are  longest  in  the  sun-spot  zones,  thus  giving  the 
corona  a  more  or  less  quadrangular  figure.  At  the  very  poles  of 
the  sun,  however,  there  are  often  tufts  of  sharply  defined  threads. 

For  the  most  part  the  streamers  have  a  length  not  much  exceed- 
ing the  sun's  radius,  but  some  of  them  at  almost  every  eclipse  go 
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fkr  beyond  this  limit.  In  the  clear  air  of  Colorado  during  the  eclipM 
of  1878,  two  of  tbem  could  be  traced  for  five  or  six  degrees,  —  a 
diatance  of  at  least  9,000000  miles  from  the  san.  A  most  strikii^ 
feature  of  the  corona  usually  conaiats  of  certain  dark  rifts  which 
reach  straight  out  from  the  moon's  limb,  rlear  to  the  extremest  limit 
of  the  corona. 

The  corona  varies  mucb  in  brightness  at  different  eclipses,  and  of 
course  the  details  are  never  twice  the  same.  Its  total  light  under 
ordinary  circumstances  ia  at  least  two  or  three  times  as  great  aa  that 
of  the  full  moon. 

328.  Fbotograplu  of  tha  Corona.  —  While  the  eye  can  perhaps 
grasp  some  of  its  detaila  more  satisfactorily  than  the  photc^raphic 
plate  can  do,  it  is  found  that  drawings  of  the  corona  are  hardly  to  be 
trusted.  At  any  rate,  it  seldom  bappena  that  the  representations  of 
two  artists  agree  sufficiently  to  justify  any  confidence  in  their  soienti&o 


accnracy.  Phott^^phs,  on  the  other  hand,  may  be  tmsted  aa  far  aa 
tlicy  go,  though  they  may  ful  to  bring  out  some  things  which  are 
conspicuous  to  the  eye.  Fig.  11 7  ia  from  the  photograph  of  the  Egyp- 
tian eclipBc  of  1882,  when  a  little  comet  was  found  doae  to  the  aun. 

Of  course,  as  in  the  case  of  the  prominences,  the  only  resion  we  cannot 
see  thR  cornns  without  an  eclipsed  sun  is  the  iUuminstion  of  the  earth's 
stmo!<[^erf.  If  we  could  ascend  shore  our  atmosphere,  and  roanaf^  to  exiKt 
and  to  obseno  there,  we  could  see  it  by  simply  scTeeniDg  off  tbs  snn's  disc. 
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So  long,  however,  as  the  brightness  of  the  illuminated  air  is  more  than  about 
sixty  times  that  of  the  corona,  it  must  remain  invisible  to  the  eye.  Dr. 
Huggins  has  thought  that  it  might  be  possible  by  means  of  photographs  to 
detect  differences  of  illumination  less  than  J^^  (the  limit  of  the  eye's  percep- 
tion), and  so  to  obtain  pictures  of  the  corona  at  any  time;  especially  as  it 
apfHiars  that  the  coronal  light  is  far  richer  in  ultra-violet  rays  (the  photo- 
graphic rays)  than  the  general  sunlight  with  which  the  air  is  illuminated. 
His  attempts  so  far,  however,  have  yielded  only  doubtful  success. 

329.  Spectrum  of  the  Corona.  — This  was  first  definitely  observed 
in  1809  during  the  eclipse  which  passed  over  the  western  part  of  the 
United  States  in  that  year.  It  was  then  found  that  its  most  remarka- 
ble  characteristic  is  a  bright  line  in  the  green,  which  the  writer  identi- 
fied as  coinciding  with  the  dark  line  at  1474  on  the  scale  of  Kirchoff's 
map  (A  =  5310).    This  line  was  also  observed  by  Harkness. 

This  result  was  for  a  time  very  puzzling,  since  the  dark  line  in  question 
is  given  by  Angstrom  and  other  authorities  as  due  to  the  spectrum  of  iron. 
'J'lie  mystery  has  since  been  removed,  however,  by  the  discover^'  that  under 
high  dispersion  the  line  is  double,  and  that  the  corona  line  coincides  with 
the  more  refrangible  of  the  two  components,  while  the  other  one  is  the  line 
due  to  iron.  •  We  have  as  yet  been  unable  to  identify  with  any  terrestrial 
element  the  substance  to  which  this  line  is  due,  but  the  provisional  name 
"  cornnium  *'  has  been  proposed  for  it.  The  recent  researches  of  Griinewald 
make  it  somewhat  probable  that  both  coronium  and  helium  are  components 
of  iiydrogen,  which  (in  line  with  Mr.  I.*ockyer's  speculations)  is  supj)osed  to 
be  partially  decomj>osed  under  solar  conditions. 

Besides  this  conspicuous  green  line,  the  liydrogen  lines  are  also 
faintly  visible  in  the  spectrum  of  the  corona ;  and  by  means  of  a  pho- 
tographic camera  used  during  the  Egyptian  eclipse  of  1882,  it  was 
found  that  the  upper  or  violet  portion  of  the  spectrum  is  very  rich  in 
lines,  among  which  //  and  K  are  specially  conspicuous.  There  is 
also,  through  the  whole  spectrum,  a  faint  continuous  background, 
which,  however,  according  to  Mr.  rx)ckyer's  statements,  is  not  of 
uniform  brightness,  but  ^^ banded.''  In  it  some  observers  have  re- 
ported the  presence  of  a  few  of  the  more  conspicuous  dark  lines  of 
the  ordiuary  solar  spectrum,  but  the  evidence  on  this  point  is  rather 
confliQting. 

If  during  the  totality  we  look  at  the  eclipsed  sun  with  a  diffrac- 
tion grating,  or  through  a  prism  of  high  dispersive  power,  we  see  three 
rings  which  ai-e  really  images  of  the  corona.  One  of  them,  the  bright- 
est and  the  largest,  is  the  green  ring  due  to  the  1474  line ;  the  others 
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are  a  red  ring  due  to  C,  and  a  blue  one  due  to  the  F  line  of 
hytlrogeii. 

330.  Hatnre  of  the  Corona.  —  It  is  evident  that  the  corona  is  a 
truly  solar  and  not  merely  an  optical  or  atmospheric  phenomenon,  from 
two  facts :  first,  the  identity  of  detail  in  photographs  made  at  widely 
separate  stations.  In  1871 ,  for  instance,  photographs  were  obtained  at 
the  Indian  station  of  Bekul,  in  Ceylon,  and  in  Java,  three  stations  sepa- 
rated by  many  hundreds  of  miles ;  but,  excepting  minute  differences 
of  detail,  such  as  might  be  expected  to  have  resulted  from  the  changes 
tliat  would  naturally  go  on  in  the  corona  during  the  half-hour  while 
the  moon's  shadow  was  travelling  from  Bekul  to  Java,  all  the  photo- 
graphs agree  exactly,  which  of  course  would  not  l>e  the  case  if  the 
corona  depended  in  any  way  upon  the  atmospheric  conditions  at  the 
observer's  station. 

Second  (hut  Jirst  historically),  the  presence  of  brigJU  lines  in  the 
spectrum  of  the  corona  proves  that  it  cannot  be  a  terrestrial  or  lunar 
phenomenon,  by  demonstrating  the  presence  in  the  corona  of  a  self- 
luminous  gas^  which  observation  fails  to  find  either  near  to  the  moon 
or  in  our  own  atmosphere.     It  must,  therefore,  l)e  at  the  sun. 

But  while  it  is  thus  certain  that  the  corona  contains  luminous  gas,  it 
also  is  very  likely  that  finely  divided  solid  or  licpiid  matter  may  be  pres- 
ent in  the  corona  ;  that  is,  fog  or  dust  of  some  kind. 

331 .  The  corona  cannot  be  a  true  ^*  solar  atmosphere  "  in  any  strict 
sense  of  the  word.  No  gaseous  envelope  in  any  way  analogous  to  the 
earth's  atmosphere  could  possibly  exist  there  in  gravitational  equi- 
librium under  the  solar  conditions  of  pressure  and  temperature.  The 
corona  is  probably  a  phenomenon  due  somehow  to  the  intense  activity 
of  the  forces  there  at  work ;  meteoric  matter,  cometic  matter,  matter 
ejected  from  within  the  sun,  are  all  concerned. 

That  this  matter  is  inconceivably  rare  is  evident  from  the  fact  tliat 
in  several  cases  comets  have  passed  directly  through  the  corona  without 
experiencing  the  least  |)erceptible  disturbance  of  their  motions.  It  is 
altogether  probable  that  at  a  very  few  thousand  miles  above  the  sun's 
surface,  its  densitv  becomes  far  less  than  that  of  the  best  vacuum  we 
can  make  in  an  electric  lamp. 
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CHAPTER   IX. 

THE  sun's  light  AND  HEAT :  COMPARISON  OF  SUNLIGHT  WITH 
ARTIFICIAL  LIGHTS.  —  MEASUREMENT  OF  THE  SUN's  HEAT, 
AND  DETERMINATION  OF  THE  "SOLAR  CONSTANT." — PYR- 
HELIOMETER,  ACTINOMETER,  AND  BOLOMETER. — THE  SUN'S 
TEMPERATURE.  —  THEORIES  AS  TO  THE  MAINTENANCE  OF 
THE  sun's  radiation,  AND  CONCLUSIONS  AS  TO  THE  SUN'S 
POSSIBLE   AGE   AND   FUTURE  DURATION. 

332.  The  Sun's  Light.  —  The  Quantity  of  Surdight.  It  is  very  easy 
to  compare  (approximately)  sunlight  with  the  light  of  a  standard^ 
candle ;  and  the  result  is,  that  when  the  sun  is  in  the  zenith,  it  illumi- 
nates a  white  surface  about  60,000  times  as  strongly  as  a  standard 
candle  at  a  distance  of  one  metre.  If  we  allow  for  the  atmospheric  ab- 
sorption, the  number  would  be  fully  70,000.  If  we  then  multiply  70,000 
by  the  square  of  150,000  million  (roughly  the  number  of  metres  in 
the  sun's  distance  from  the  earth) ,  we  shall  get  what  a  gas  engineer 
would  call  the  sun's  ^'^  candle  power."  The  number  comes  out  1575 
billions  of  billions  (English);  i.e.,  1575  with  twenty-four  ciphers 
following. 

333.  One  way  of  making  the  comparison  is  the  following :  Arrange  mat- 
ters as  in  Fig.  118.  The  sunlight  is  brought  into  a  darkened  room  by  a 
mirror  M,  which  reflects  the  rays  through  a  lens  L  of  perhaps  half  an  inch  in 
diameter.  After  the  rays  pass  the  focus  they  diverge  and  form  on  the 
screen  S  a  disc  of  light,  the  size  of  which  may  be  varied  by  changing  the 
distance  of  the  screen.  Suppose  it  so  placed  that  the  illuminated  circle  is 
just  ten  feet  in  diameter;  that  is,  240  times  the  diameter  of  the  lens.  The 
illumination  of  the  disc  will  then  be  less  than  that  of  direct  sunlight  in 
the  ratio  of  240^  (or  57,600)  to  1  (neglecting  the  loss  of  light  produced  by 

1  A  standard  candle  is  a  sperm  candle  weighing  one-sixth  of  a  pound  and  burn- 
ing 120  grains  an  hour.  The  French  "  Carcel  burner,"  used  as  a  standard  in  their 
photometry,  gives  just  ten  times  the  quantity  of  light  given  by  this  standard 
candle.  An  ordinary  gas-burner  consuming  five  feet  of  gas  hourly  gives  a  light 
equivalent  to  from  twelve  to  fifteen  standard  candles. 
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the  mirror  and  the  lens,  a  loss  which  of  course  must  be  allowed  for).  Now 
place  a  little  rod  like  a  pencil  near  the  screen,  as  at  P,  light  a  standard 
candle,  and  move  the  candle  back  and  forth  until  the  two  shadows  of  the 
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Fio.  118.  —  Comparlton  of  Sunlight  with  a  SuncUrd  Candle. 


pencil,  one  formed  by  the  candle,  and  the  other  by  the  light  from  the  lens, 
are  equally  dark.  It  will  be  found  that  the  candle  has  to  be  put  at  a  dis- 
tance of  about  one  metre  from  the  screen ;  though  the  results  would  vary  a 
good  deal  from  day  to  day  with  the  clearness  of  the  air. 

334.  When  the  sun's  light  is  compared  with  that  of  the  full  moon 
and  of  various  stars,  we  find,  as  stated  (Art.  259),  that  it  is  about 
600,000  times  that  of  the  full  moon.  It  is  7,000,000000  times  as 
great  as  the  light  received  from  Sirius,  and  about  40,000,000000 
times  that  from  Vega  or  Arcturus. 


336.  The  Intensity  of  the  Son's  Lnminotity.  — This  is  a  veiy 
different  thing  from  the  total  quautity  of  its  light,  as  expressed  by 
its  *' candle  power"  (a  surface  of  comparatively  feeble  luminosity 
can  give  a  great  quantity  of  light  if  large  enough).  It  is  the  amount 
of  light  ])€r  square  inch  of  luminous  surface  which  determines  the 
intensity.  Making  the  necessary  computations  from  the  best  data 
obtainable  (only  roughish  approximations  l)€ing  iK>8»ible),  it  appears 
that  the  sun's  surface  is  about  90,000  times  as  bright  as  that  of  a 
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THE  sun's  light  AND  HEAT :  COMPARISON  OF  SUNLIGHT  WITH 
ARTIFICIAL  LIGHTS.  —  MEASUREMENT  OF  THE  SUN'S  HEAT, 
AND  DETERMINATION  OF  THE  "SOLAR  CONSTANT." — PYR- 
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TEMPERATURE.  —  THEORIES  AS  TO  THE  MAINTENANCE  OF 
THE  sun's  RADIATION,  AND  CONCLUSIONS  AS  TO  THE  SUN'S 
POSSIBLE   AGE  AND   FUTURE   DURATION. 

332.  The  Sun's  Light.  —  The  Quantity  of  Sunlight.  It  ia  very  easy 
to  compare  (approximately)  sunlight  with  the  light  of  a  standard^ 
candle ;  and  the  result  is,  that  when  the  sun  is  in  the  zenith,  it  illumi- 
nates a  white  surface  about  60,000  times  as  strongly  as  a  standard 
candle  at  a  distance  of  one  metre.  If  we  allow  for  the  atmospherio  ab- 
sorption, the  number  would  be  fully  70,000.  If  we  then  multiply  70,000 
by  the  square  of  150,000  million  (roughly  the  number  of  metres  in 
the  sun's  distance  from  the  earth) ,  we  shall  get  what  a  gas  engineer 
would  call  the  sun's  '^canctte  power"  The  number  comes  out  1575 
billions  of  billions  (English);  i.e.,  1575  with  twenty-four  ciphers 
following. 

333.  One  way  of  making  the  comparison  is  the  following :  Arrange  mat- 
ters as  in  Fig.  118.  The  sunlight  is  brought  into  a  darkened  room  by  a 
mirror  M,  which  reflects  the  rays  through  a  lens  L  of  perhaps  half  an  inch  in 
diameter.  After  the  rays  pass  the  focus  they  diverge  and  form  on  the 
screen  S  a  disc  of  light,  the  size  of  which  may  be  varied  by  changing  the 
distance  of  the  screen.  Suppose  it  so  placed  that  the  illuminated  circle  is 
just  ten  feet  in  diameter;  that  is,  240  times  the  diameter  of  the  lens.  The 
illumination  of  the  disc  will  then  be  less  than  that  of  direct  sunlight  in 
the  ratio  of  240^  (or  57,600)  to  1  (neglecting  the  loss  of  light  produced  by 

1  A  standard  candle  is  a  sperm  candle  weighing  one-sixth  of  a  pound  and  burn- 
ing 120  grains  an  hour.  The  French  "  Carcel  burner/'  used  as  a  standard  in  their 
photometry,  gives  just  ten  times  the  quantity  of  light  given  by  this  standard 
candle.  An  ordinary  gas-burner  consuming  five  feet  of  gaa  hourly  gives  a  light 
equivalent  to  from  twelve  to  fifteen  standard  candlea. 
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the  mirror  and  the  lens,  a  loss  which  of  course  must  be  allowed  for).  Now 
place  a  little  rod  like  a  pencil  near  the  screen,  as  at  P,  light  a  standard 
candle,  and  move  the  candle  back  and  forth  until  the  two  shadows  of  the 
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Fio.  118.  —  Ck>mi>arison  of  Sunligbt  with  a  Stmodard  Candle. 

pencil,  one  formed  by  the  candle,  and  the  other  by  the  light  from  the  len8. 
are  equally  dark.  It  will  be  found  that  the  candle  has  to  be  put  at  a  di.s- 
tance  of  about  one  metre  from  the  screen ;  though  the  results  would  vary  a 
good  deal  from  day  to  day  with  the  clearness  of  the  air. 

334.  When  the  sun's  light  is  compared  with  that  of  the  full  moon 
and  of  various  stars,  we  find,  as  stated  (Art.  259),  that  it  is  aboat 
G00,000  times  that  of  the  full  moon.  It  is  7,000,000000  times  as 
<;rcat  as  the  light  received  from  Sirius,  and  about  40,000,000000 
times  that  from  Vega  or  Arcturus. 


335.  The  Intensity  of  the  Son's  Lnminosity.  — This  is  a  very 
(liflfercnt  thing  from  the  total  quantity  of  its  light,  as  expressed  b}' 
its  '•'candle  power"  (a  surface  of  comparatively  feeble  luminosity 
lan  give  ii  great  (piantity  of  light  if  large  enough).  It  is  the  amount 
nf  h'tjht  per  square  inch  of  luminous  surface  which  determines  the 
intensity.  Making  the  necessary  computations  from  the  best  data 
ohtaiuiible  (only  roughish  approximations  being  i)ossible),  it  appears 
tliiit  the  sun's  surface  is  about  90,000  times  as  bright  as  that  of  a 
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theoretical  grounds,  mid  lie  piiictically  perfected  his  discovery  a  few 
weeks  later  than  Janssen,  although  without  knowledge  of  what  he 
bad  doDe.  By  a  remarkabtc  but  accidental  coiucidence  tbeir  diat^v- 
eries  were  communicated  to  the  French  Academy  on  the  same  day  ; 
and  in  their  honor  the  French  have  struck  a  medal  bearing  their  uniifd 
effigies. 

324.    How  th.6  Spectroscope  makes  the  Prominences  Tudble. — 

The  only  reason  we  cannot  see  the  prominences  at  auy  time  is  on 

account  of  the  bright  illumination  of  our  own  atmosphere.     We  can 

screen  off  the  direct  light  of  the  sun  ;  but  we  cannot  screen  off  the 

reflect«<l  sunlight  coming  from  the  air  which  Is  directly  between  us 

and  the  prominences   themselves ;    a  light 

so  brilliant  that  the   prominences  cannot 

be  seen   through  It  without  some  kind  of 

aid. 

The  spectrum  of  this  alr-llght  is,  of  coui-se, 
just  the  same  as  that  of  the  sun  —  a  con- 
tinuous spectrum  with  the  same  dark  lines 
Fio.  IIS.  upon  it.     When,  tlierefore,  we  arrange  the 

Bp«iriMODp«  sill  mUiuied  lor  apparatus  as  indicated  in  Fig.  113,  pointing 
d«icm"  ''°  °  '  *  """ '  the  telescope  so  that  the  Image  of  the  sun's 
limb  just  touches  the  slit  of  the  spectro- 
scope, then,  if  there  is  a  prominence  at  that  point,  we  shall  have  in 
our  spectroscope  two  spectra  superposed  upon  each  other ;  namely, 
the  spectrum  of  the  air-illumination  and  that  of  tlie  prominence. 
The  latter  is  a  spectrum  of  briglu  lines,  or,  If  the  slit  is  opened 
a  little,  of  bright  imngea  of  whatever  part  of  the  prominence  may 
fall  within  the  edges  of  tlie  slit.  Now,  the  brightness  of  these 
images  is  not  affected  by  auy  increase  of  dispersion  in  the  spectro- 
scope. Increase'  of  dispersion  merely  sets  these  images  farther 
apart,  without  makiug  them  fainter.  'L'he  s|)ectrum  of  the  aerial  Illu- 
mination, on  the  other  liand,  Is  made  very  faint  by  Its  exteusi6u ;  and, 
moreover,  it  pre.'ienls  diirk  Hues  (or  sjxices  when  the  slit  Is  opened) 
precisely  at  the  jtoints  where  the  bright  iranges  of  the  prominences 
fnll. 

A  spectroscope  of  dii^pursive  power  sufficient  to  divide  the  two  E 
lint-s,  attaclied  to  a  telescope  of  four  or  five  inches  apert^ne,  gives  a 

1  Too  high  diapersion  injuren  the  deflnilion,  however,  bccauip  the  linei  in  the 
BpectTum  of  hydrogen  arc  rather  broad  nnd  hazy. 
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very  Batiefactory  view  of  these  beautiful  objettH :  the  red  image  cor- 
rcspondB  to  the  C  line,  and  ia  by  fai-  the  beet  for  such  observations, 
though  the  X>3  line  or  the  F  line  cau  also  be  used.  When  the  innni- 
iiicut  is  properly  ndjuKted,  the  slit  opened  a  little,  and  tlie  image  of 
tlie  Biin's  limb  brought  exactly  to  the  edge  of  the  slit,  the  observer 
at  the  eye-piece  of  the  Bpectroscope  will  see  things  about  as  we  liave 
attempted  to  represent  them  in  Fig.  114;  sb  if  be  were  lookiog 
at  the  cIoikIs  in  an  evening  sky  tlirough  a  slightly  o|ieued  window- 
blind. 

325.  Different  Kind*  of  Promi&eaeea ;  Their  Form*  and  Motioui. 
—  The  prominences  may  lie  broa<ily  divide<l  into  two  classes, — 
the  f/w'e»cent  or  diffused,  and  the  erupthi'  or  ■•metallic,"  rm  Secchi 
calls  them,  because  they  show 
in  their  spectrum  the  lines  of 
many  metals  besides  hydrt^n. 
The  former,  illustrated  by  Fig. 
11  a  (see  p.  206),  are  immense 
donds,  often  C0,OO0  miles  in 
height,  and  of  correspouding 
hoi'izontal  dimensions,  either 
resting  ujion  the  chromosphere 
or  connected  with  it  by  slender 
stems  like  grc.tt  banyan-trees. 
They  are  not  very  brilliant,  and 
are  comjKiscil  almost  entirely 
of  hydrogen  and  "helium," 
Thcv  often  remain  nearlv  un- 

•^  ^  llw  CTliDnioipbcre  uiU  ■■niinlarDcn  (nn  lii  Itw 

changed  for  days  together  as  H|*ftro«opf. 

they  pass  over  the  sun's  limb. 

They  are  found  on  all  portions  of  the  disc,  at  the  i>olea  aud  equator 

as  well  as  in  the  spot  zones.      Some  of  them   aie    clouds   floating 

entirely  detached  from  the  suu's  surface. 

I'sually  tliese  clouds  are  simply  the  remnants  of  prominences  which 
.ijilK-ar  to  have  been  thrown  up  from  below,  but  in  some  cases  they 
actually  form  and  glow  lander  witiiont  any  visible  connection  with 
till'  I'liroitiosplicre  —  a  fact  of  cuusidcrnble  iin[K>rtancc,  im  showing  in 
Ihiise  rt'j;ions  tlie  presence  ()f  hydrogen,  invisible  to  onr  spectroseo{M>s 
until  somehow  or  other  it  is  matte  to  give  out  the  rays  of  its  famil- 
iar spectrum.  .\1l  the  forms  and  motions  of  tlic  prominences,  it 
niMv  In-  -iiiil  fiirlhor,  seem  to  indicate  the  same  thing  —  that  they 
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80  lofigf  however,  as  tlie  brightness  of  the  iliuniiiiated  air  is  more  than  about 
ftixty  times  that  of  the  corona,  it  must  remain  invisible  to  the  eye.  Dr. 
Hoggins  ha;^  thought  that  it  might  be  possible  by  nieau:»  of  photographs  to 
detect  differences  of  illumination  less  than  J^  (the  limit  of  the  eye's  percep- 
tion), and  .so  to  obtain  pictures  of  the  corona  at  any  time:  especially  as  it 
apfiears  that  the  coronal  light  is  far  richer  in  ultra-violet  rays  (the  photo- 
graphic rays)  than  the  general  sunlight  with  which  the  air  is  illuminated. 
His  attempts  so  far,  however,  have  yielded  only  doubtful  success. 

329.  Spectrum  of  the  Corona.  — This  was  first  definitely  observed 
in  18f>9  during  the  eclipse  which  passed  over  the  western  part  of  the 
United  States  in  that  year.  It  was  then  found  that  its  most  remarka- 
ble characteristic  is  a  bright  line  in  the  green,  which  the  writer  identi- 
fied as  coinciding  with  the  dark  line  at  1474  on  the  scale  of  KircholTs 
map  (A  =  b'MO).    This  line  was  also  observed  by  Harkness. 

This  result  was  for  a  time  very  puzzling,  since  the  dark  line  in  question 
is  given  by  .Xngstrom  and  other  authorities  as  due  to  the  spectrum  of  iron. 
'J'he  mystery  has  since  been  removed,  however,  by  the  discover}*  that  under 
high  dispersion  the  line  is  double,  and  that  the  corona  line  coincides  with 
the  more  refrangible  of  the  two  components,  while  the  other  one  is  the  line 
due  to  iron.  •  We  have  as  vet  Wen  unable  to  identifv  with  anv  terrestrial 
e\*'An*'ut  the  substance  to  which  this  line  is  due,  but  the  provisional  name 
"  coronium  *'  has  l)een  proposed  for  it.  The  recent  researches  of  Griinewald 
make  it  somewhat  probable  that  both  coronium  and  helium  are  components 
of  hydrogen,  which  (in  line  with  Mr.  I^ockyer's  speculations)  is  sup(K>sed  to 
be  partially  decomposed  under  solar  conditions. 

Besides  this  conspicuous  green  line,  the  hydrogen  lines  are  also 
faintly  visible  in  the  spectrum  of  the  corona ;  and  by  means  of  a  pho- 
tographic camera  usefl  during  the  Egyptian  eclipse  of  1H82,  it  was 
found  that  the  U|)per  or  violet  portion  of  the  spectrum  is  very  rich  in 
lines,  among  which  U  and  K  are  specially  conspicuous.  There  is 
also,  through  the  whole  spectrum,  a  faint  continuous  background, 
which,  however,  according  to  Mr.  rx>ckyer's  statements,  is  not  of 
uniform  brightness,  but  ^'banded,'*  In  it  some  observers  have  re- 
ported the  presence  of  a  few  of  the  more  conspicuous  dark  lines  of 
the  ordinary  solar  spectrum,  but  the  evidence  on  this  point  is  rather 
conflicting. 

If  during  the  totality  we  look  at  the  eclipsed  sun  with  a  diffrac- 
tion grating,  or  through  a  prism  of  high  dispersive  power,  we  see  three 
rings  which  arc  really  images  of  the  corona.  One  of  them,  the  bright- 
est and  the  largest,  is  the  green  ring  due  to  the  1474  line ;  the  others 
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are  a  red  ring  due  to  C,  and  a  blue  one  due  to  the  F  line  of 
hydrogen. 

330.  Nature  of  the  Corona.  —  It  is  evident  that  the  corona  ia  a 
trul}'  solar  and  not  merely  an  optical  or  atmospheric  phenomenon,  from 
two  facts :  first,  the  identity  of  detail  in  photographs  made  at  widely 
separate  stations.  In  1871 ,  for  instance,  photographs  were  obtained  at 
the  Indian  station  of  Bekul,  in  Ceylon,  and  in  Java,  three  stations  sepa- 
rated by  many  hundreds  of  miles ;  but,  excepting  minute  differences 
of  detiiil,  such  as  might  be  expected  to  have  resulted  from  the  crhanges 
that  would  naturally  go  on  in  the  corona  during  tlie  half-hour  while 
the  moon's  shadow  was  travelling  from  Bekul  to  Java,  all  the  photo- 
graphs agree  exactly,  which  of  course  would  not  l>e  the  case  if  the 
corona  dei>cuded  in  any  way  upon  the  atmospheric  conditions  at  the 
observer's  station. 

Second  {hwt  first  historically),  the  presence  of  briglU  lines  in  the 
spectrum  of  the  corona  proves  tliat  it  cannot  be  a  terrestrial  or  lunar 
phenomenon,  by  demonstrating  the  presence  in  the  corona  of  a  self" 
luminous  gas^  which  observation  fails  to  find  either  near  to  tlie  moon 
or  in  our  own  atmosphere.     It  must,  therefore,  l>e  at  the  sun. 

But  while  it  is  thus  certain  that  the  corona  contains  luminous  gas,  it 
also  is  very  likely  that  fineh'  divided  solid  or  liquid  matter  may  be  pres- 
ent in  the  corona  ;  that  is,  fc^  or  dust  of  some  kind. 

331.  The  corona  cannot  be  a  true  ^'  solar  atmosj>here  *'  in  any  strict 
sense  of  the  word.  No  gaseous  envelope  in  any  way  analogous  to  the 
earth's  atmosphere  could  possibl}*  exist  there  in  gravitational  equi- 
librium under  the  solar  conditions  of  pressure  and  temperature.  The 
corona  is  probably  a  phenomenon  due  somehow  to  the  intense  activity 
of  the  forces  there  at  work ;  meteoric  matter,  cometic  matter,  matter 
ejected  from  within  the  sun,  are  all  concerned. 

That  this  matter  is  inconceivably  rare  is  evident  from  the  fact  that 
in  several  cases  comets  have  passed  directly  threugh  the  corona  witliont 
experiencing  the  least  i)erceptible  disturbance  of  their  motions.  It  is 
altogether  probable  that  at  a  very  few  thousand  miles  above  the  sun's 
surface,  its  densitv  becomes  far  less  than  that  of  the  best  vacuum  we 
can  make  in  an  electric  lamp. 
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exist  and  move,  not  in  a  vacuum^  but  in  a  medium  of  density  com- 
paral)le  witli  their  own,  as  clouds  do  in  our  own  atmosphere. 

326.  The  eruptive  prominences,  on  the  otlier  hand,  are  brilliant 
and  active,  not  usually  so  large  as  the  quiescent,  but  at  times 
enormous,  reaching  elevations  of  100,000,  200,000,  or  even  400,000 
miles.  They  are  illustrated  by  Fig.  11 G.  Most  frequently  they  are 
in  the  form  of  spikes  or  flames  ;  but  the}'  present  also  a  great  variety 
of  other  fantastic  shapes,  and  are  sometimes  so  brilliant  as  to  be 
visible  with  the  spectroscope  on  the  surface  of  the  sun  itself,  and  not 
merely  at  the  limb.  Generally  prominences  of  this  class  are  asso- 
ciated with  active  sun  spots,  while  both  classes  appear  to  be  con- 
nected with  the  facula?.  The  figures  given  are  from  drawings  of 
individual  prominences  that  have  been  observed  by  the  autiior  at 
different  times. 

These  solar  clouds  are  most  fascinating  objects  to  watch,  on  ac- 
count of  the  beauty  of  their  forms,  and  the  rapidity  of  their  changes. 
In  the  case  of  the  eruptive  prominences  the  swiftness  of  the  changes 
is  sometimes  wonderful  —  portions  can  be  actually  seen  to  move,  and 
this  implies  a  real  velocit}^  of  at  least  250  miles  a  second,  so  that  it 
is  no  exaggeration  to  speak  of  such  phenomena  as  veritable  ''  explo- 
sions "  :  of  course,  in  such  cases  the  lines  in  the  specti'um  are  gueatly 
broken  and  distorted,  and  frequently  a  "magnetic  storm"  follows 
upon  the  earth,  with  a  brilliant  Aurora  Borealis. 

The  number  visible  at  a  single  time  is  variable,  but  it  is  not  very 
unusual  to  find  as  many  as  twenty  on  the  sun's  limb  at  once. 

327.  The  Corona.  —  This  is  a  halo,  or  ''  glory,"  of  light  which  sur- 
rounds the  sun  at  the  time  of  the  total  eclipse.  From  the  remotest 
times  it  has  been  well  known,  and  described  with  enthusiasm,  as  being 
certainly  one  of  the  most  beautiful  of  natural  phenomena. 

The  portion  of  the  corona  nearest  the  sun  is  almost  dazzlingly  bright, 
with  a  greenish,  pearl}'  tinge  which  contrasts  finely  with  the  scarlet 
blaze  of  the  prominences.  It  is  made  up  of  streaks  and  filaments 
which  on  the  whole  radiate  outwards  from  the  sun's  disc,  though 
they  are  in  many  places  strangely  curved  and  intertwined.  Usually 
these  filaments  are  longest  in  the  sun-spot  zones,  thus  giving  the 
corona  a  more  or  less  quadrangular  figure.  At  the  very  poles  of 
the  sun,  however,  there  are  often  tufts  of  sharply  defined  threads. 

For  the  most  part  the  streamers  have  a  length  not  much  exceed- 
ing the  sun's  radius,  but  some  of  them  at  almost  every  eclipse  go 
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far  beyonil  this  limit.  In  the  clear  air  of  Colorado  during  the  eclipse 
of  1678,  two  of  them  could  be  traced  for  five  or  six  degrees,  —  a 
distance  of  at  least  9,000000  miles  from  the  san.  A  most  strikii^ 
feature  of  the  corona  usually  coaeiats  of  certain  dark  rifts  which 
reach  straight  out  from  the  moon's  limb,  clear  to  the  eztremest  limit 
of  the  corona. 

The  corona  varies  much  in  brightness  at  different  eclipses,  and  of 
course  the  details  are  never  twice  the  same.  Its  total  light  under 
ordiniu'y  circumstancea  is  at  least  two  or  three  times  as  great  as  that 
of  the  full  mooD. 

328.  Photographi  of  tiu  Corona.  —  While  the  eye  can  perhaps 
grasp  some  of  its  details  more  satisfactorily  than  the  photi^^phic 
plate  can  do,  it  is  found  that  drawings  of  the  corona  are  hardly  to  be 
trnsted.  At  any  rate,  it  seldom  happens  that  the  representations  of 
two  artists  agree  sufficiently  to  Justify  any  confidence  in  their  scientific 
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accuracy.  Phot<^raph8,  on  the  other  hand,  may  be  trnsted  aa  far  as 
tlicy  go,  though  they  may  f^l  to  bring  out  some  things  which  are 
conspicuous  to  the  eye.  Fig.  1 1 7  is  from  the  photograph  of  tiie  i^yp- 
tian  eclipse  of  1682,  when  a  little  comet  was  found  close  to  the  sun. 

Of  couree,  as  in  the  cane  of  the  prominences,  the  only  reason  we  cannot 
see  the  corona  without  an  eclipsed  sun  is  the  illumination  of  the  earth's 
atmosphere.  If  we  coutd  ascend  atiore  our  atnHwphere,  and  monaffe  to  exint 
and  to  obsenc  there,  we  could  see  it  by  simply  screening  o9  the  inn's  disc. 
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So  long,  however,  as  the  brightness  of  the  illuiiiiiiated  air  is  more  than  about 
sixty  times  that  of  the  corona,  it  must  remain  invisible  to  the  eye.  Dr. 
Huggins  has  thought  that  it  might  be  possible  by  means  of  photographs  to 
detect  differences  of  illumination  less  than  J^i  (tlie  limit  of  the  eye\s  percep- 
tion), and  so  to  obtain  pictures  of  the  corona  at  any  time;  especially  as  it 
appears  that  the  coronal  light  is  far  richer  in  ultra-violet  rays  (the  photo- 
graphic rays)  than  the  general  sunlight  with  which  the  air  is  illuminated. 
His  attempts  so  far,  however,  have  yielded  only  doubtful  success. 

329.  Spectrum  of  the  Corona.  — This  was  first  definitely  observed 
in  18G9  during  tiie  eclipse  which  passed  over  the  western  part  of  the 
United  States  in  that  year.  It  was  then  found  that  its  most  remarka- 
ble  characteristic  is  a  bright  line  in  the  green,  which  the  writer  identi- 
fied as  coinciding  with  the  dark  line  at  1474  on  the  scale  of  Kirchoff's 
map  (X  =  531f)).    This  line  was  nlso  observed  by  Harkness. 

This  result  was  for  a  time  very  puzzling,  since  the  dark  line  in  question 
is  given  by  Angstrom  and  other  authorities  as  due  to  the  spectrum  of  iron, 
'J'he  mystery  has  since  been  removed,  however,  by  the  discoverj*^  that  under 
high  dispersion  the  line  is  double,  and  that  the  corona  line  coincides  with 
the  more  refrangible  of  the  two  components,  while  the  other  one  is  the  line 
due  to  iron.  •  We  have  as  yet  been  unable  to  identify  with  any  terrestrial 
element  the  substance  to  which  this  line  is  due,  but  the  provisional  name 
"  coronium  **  has  been  proposed  for  it.  The  recent  researches  of  Griinewald 
make  it  somewhat  probable  that  both  coronium  and  helium  are  components 
of  hydrogen,  which  (in  line  with  Mr.  Lockyer's  speculations)  is  supt)osed  to 
be  partially  decomposed  under  solar  conditions. 

Besides  this  conspicuous  green  lino,  the  liydrogen  lines  are  also 
faintly  visible  in  the  spectrum  of  the  corona ;  and  by  means  of  a  pho- 
tographic camera  used  during  the  Egyptian  eclipse  of  1H82,  it  was 
found  that  the  upper  or  violet  portion  of  the  spectrum  is  very  rich  in 
lines,  among  which  H  and  K  are  specially  conspicuous.  There  is 
:ilso,  through  the  whole  spectrum,  a  faint  continuous  background, 
which,  however,  according  to  Mr.  I^ckyer*s  statements,  is  not  of 
imiform  brightness,  but  *'^  banded/'  In  it  some  observers  have  re- 
ported  the  presence  of  a  few  of  the  more  conspicuous  dark  lines  of 
the  ordinary  solar  spectrum,  but  the  evidence  on  this  point  is  rather 
confliqting. 

If  during  the  totality  we  look  at  the  eclipsed  sun  with  a  diffrac- 
tion grating,  or  through  a  prism  of  high  dispersive  power,  we  see  three 
rings  which  are  really  images  of  the  corona.  One  of  them,  the  bright- 
est and  the  largest,  is  tlie  green  ring  due  to  the  1474  line ;  the  others 
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are  a  red  ring  due  to  C,  and   a   blue   one   due   to   the   F  line  of 
hydrogen. 

330.  Nature  of  the  Corona.  —  It  is  evident  that  the  corona  is  a 
truly  solar  and  not  merely  an  optical  or  atmospheric  phenomenon,  from 
two  facts :  first,  the  identitij  of  detail  in  photographs  made  at  widely 
separate  stations.  In  1871 ,  for  instance,  photographs  were  obtained  at 
the  Indian  station  of  Bekul,  in  Ceylon,  and  in  Java,  three  stations  sepa- 
rated by  many  hundreds  of  miles ;  but,  excepting  minute  differences 
of  detail,  such  as  might  be  expected  to  have  resulted  from  the  (changes 
that  would  naturally  go  on  in  the  corona  during  the  half-hour  while 
the  moon's  shadow  was  travelling  from  Bekul  to  Java,  all  the  photo- 
graphs agree  exactly,  which  of  course  would  not  be  the  case  if  the 
corona  depended  in  any  way  upon  the  atmospheric  conditions  at  the 
observer's  station. 

Second  (but  ^rs^  historically),  the  presence  of  bright  lines  in  the 
spectnim  of  the  corona  proves  that  it  cannot  be  a  terrestrial  or  lunar 
phenomenon,  by  demonstrating  the  presence  in  the  corona  of  a  self- 
luminous  gas^  which  observation  fails  to  find  either  near  to  the  moon 
or  in  our  own  atmosphere.     It  must,  therefore,  be  at  the  sun. 

But  while  it  is  thus  certain  that  the  corona  contains  luminous  gas,  it 
also  is  very  likely  that  finely  divided  solid  or  liquid  matter  may  be  pres- 
ent in  the  corona  ;  that  is,  fog  or  dust  of  some  kind. 

331.  The  corona  cannot  be  a  true  *'  solar  atmosphere  **  in  any  strict 
sense  of  the  word.  No  gaseous  envelope  in  any  way  analogous  to  the 
earth's  atmosphere  could  possibly  exist  there  in  gravitational  equi- 
librium under  the  solar  conditions  of  pressure  and  temperature.  The 
corona  is  probably  a  phenomenon  due  somehow  to  the  intense  activity 
of  the  forces  there  at  work ;  meteoric  matter,  cometic  matter,  matter 
ejectod  from  within  the  sun,  are  all  concerned. 

That  this  matter  is  inconceivably  rare  is  evident  from  the  fact  that 
in  several  cases  comets  have  passed  directly  through  the  corona  without 
experiencing  the  least  perceptible  disturbance  of  their  motions.  It  is 
altogether  probable  that  at  a  very  few  thousand  miles  above  the  sun's 
surface,  its  densitv  becomes  far  less  than  that  of  the  best  vacuum  we 
can  make  in  an  electric  lamp. 
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CHAPTER   IX. 

THE  sun's  light  AND  HEAT :  COMPARISON  OF  SUNLIGHT  WITH 
ARTIFICIAL  LIGHTS.  —  MEASUREMENT  OF  THE  SUN's  HEAT, 
AND  DETERMINATION  OF  THE  "SOLAR  CONSTANT." — PYR- 
HELIOMETER,  ACTINOMETER,  AND  BOLOMETER.  —  THE  SUN'S 
TEMPERATURE.  —  THEORIES  AS  TO  THE  MAINTENANCE  OF 
THE  sun's  radiation,  AND  CONCLUSIONS  AS  TO  THE  SUN'S 
POSSIBLE  AGE  AND   FUTURE  DURATION. 

332.  The  Sun's  Light.  —  The  Quantity  of  Sunlight.  It  is  very  easy 
to  compare  (approximately)  sunlight  with  the  light  of  a  standard^ 
candle  ;  and  the  result  is,  that  when  the  sun  is  in  the  zenith,  it  illumi- 
nates a  white  surface  about  60,000  times  as  strongly  as  a  standard 
candle  at  a  distance  of  one  metre.  If  we  allow  for  the  atmospherio  ab- 
sorption, the  number  would  be  fully  70,000.  If  we  then  multiply  70,000 
b}'  the  square  of  150,000  million  (roughly  the  number  of  metres  in 
the  son's  distance  from  the  earth) ,  we  shall  get  what  a  gas  engineer 
would  call  the  sun's  ^"candle  power.**  The  number  comes  out  1575 
billions  of  billions  (English);  i.e.,  1575  with  twenty-four  ciphers 
following. 

333.  One  way  of  making  the  comparison  is  the  following :  Arrange  mat- 
ters as  in  Fig.  118.  The  sunlight  is  brought  into  a  darkened  room  by  a 
mirror  M,  which  reflects  the  rays  through  a  lens  L  o{  perhaps  half  an  inch  in 
diameter.  After  the  rays  pass  the  focus  they  diverge  and  form  on  the 
screen  S  a  disc  of  light,  the  size  of  which  may  be  varied  by  changing  the 
distance  of  the  screen.  Suppose  it  so  placed  that  the  illuminated  circle  is 
just  ten  feet  in  diameter;  that  is,  240  times  the  diameter  of  the  lens.  The 
illumination  of  the  disc  will  then  be  less  than  that  of  direct  sunlight  in 
the  ratio  of  240^  (or  67,600)  to  1  (neglecting  the  loss  of  light  produced  by 

^  A  standard  candle  is  a  sperm  candle  weighing  one-sixth  of  a  pound  and  burn- 
ing 120  grains  an  hour.  The  French  "  Carcel  burner,"  used  as  a  standard  in  their 
photometry,  gives  just  ten  times  the  quantity  of  light  given  by  this  standard 
candle.  An  ordinary  gas-burner  consuming  Ave  feet  of  gas  hourly  gives  a  light 
equivalent  to  from  twelve  to  fifteen  standard  candles. 
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the  mirror  atid  the  lens,  a  loss  which  of  course  must  be  allowed  for).  Now 
place  a  little  rod  like  a  i^ncil  near  the  screen,  as  at  P,  light  a  standard 
candle,  and  move  the  candle  back  and  forth  until  the  two  shadows  of  the 
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Fio.  118.  —  Comparison  of  Sunlight  with  a  SUndard  Candle. 

pencil,  one  formed  by  the  candle,  and  the  other  by  the  light  from  the  lens, 
are  equally  dark.  It  will  be  found  that  the  candle  has  to  be  put  at  a  dis- 
tance of  about  one  metre  from  the  screen ;  though  the  results  would  vary  a 
good  deal  from  day  to  day  with  the  clearness  of  the  air. 

334.  When  the  sun's  light  is  compared  with  that  of  the  full  moon 
and  of  various  stars,  we  find,  as  stated  (Art.  259),  that  it  is  aboat 
600,000  times  that  of  the  full  moon.  It  is  7,000,000000  times  as 
great  as  the  light  received  from  Sirius,  and  about  40,000,000000 
times  that  from  Vega  or  Arcturus. 


335.  The  Intensity  of  the  Son's  Lnminosity.  — This  is  a  very 
different  thing  from  the  total  quantity  of  its  light,  as  expressed  by 
its  '*  candle  power"  (a  surface  of  comparatively  feeble  luminosity 
<.';in  give  a  great  quantity  of  light  if  large  enough).  It  is  the  amount 
nf  lifjht  per  square  inch  of  luminous  surface  which  determines  the 
intensity.  ^Making  the  necessary  computations  from  the  best  data 
obtainable  (only  roughish  approximations  being  possible),  it  appears 
that  the  sun's  surface  is  about  90,000  times  as  bright  as  that  of  a 
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candle  flame,  and  about  150  times  as  bright  as  the  lime  of  the  calcium 
light.  Even  the  darkest  part  of  a  solar  spot  outshines  the  lime.  The 
intensely  brilliant  spot  in  the  so-called  "crater"  of  an  electric  arc 
comes  nearer  sunlight  than  anything  else  known,  being  from  one-half 
to  one-fourth  as  bright  as  the  surface  of  the  sun  itself.  But  either 
the  electric  arc  or  the  calcium  light,  when  interposed  between  the 
eye  and  the  sun  looks  like  a  dark  spot  on  the  disc. 


336.  Comparative  Brightness  of  Different  Portions  of  the  Snn's 
Surface.  — By  forming  a  large  image  of  the  sun,  say  a  foot  in  di- 
ameter, upon  a  screen,  we  can  compare  with  each  other  the  rays 
coming  from  different  parts  of  the  sun's  disc.  It  thus  appears  that 
there  is  a  great  diminution  of  light  at  the  edge,  the  light  there,  accord- 
ing to  Professor  Pickeriug*s  experiments,  being  just  about  one-third 
as  strong  as  at  the  centre.  Tliere  is  also  an  obvious  difference  of 
color,  the  light  from  the  edge  of  the  disc  being  brownish  red  as  com- 
pared with  that  from  the  centre.  The  reason  is,  that  the  red  and 
yellow  rays  of  the  spectrum  lose  much  less  of  their  brightness  at  the 
limb  than  do  the  blue  and  violet.  According  to  Vogel,  the  latter  rays 
are  affected  nearly  twice  as  much  as  the  former.  For  this  reason, 
photographs  of  the  sun  exhibit  the  darkening  of  the  limb  much  more 
strongly  than  one  usually  sees  it  in  the  telescope. 

337.  Cause  of  the  Darkening  of  the  Limb.  —  It  is  due  unques- 
tionably to  tlie  general  absorption  of  the  sun's  rays  by  the  lower  por- 
tion of  the  overlying  atmosphere. 
The  reason  is  obvious  from  the 
figure  (Fig.  119).  The  thinner  this 
atmosphere,  other  things  being 
equal,  the  greater  the  ratio  bettoeen 
the  2>ercentage  of  absfjrption  at  the 
centre  and  edge  of  the  disc^  and 
the  more  obvious  the  darkening  of 
the  liinh. 

Attempts  have  been  made  to 
determine  from  the  observed  dif- 
ferences between  the  brightness  of  centre  and  limb  the  total 
percentage  of  the  sun's  light  thus  absorbed.  I'nfortunately  we  have 
to  supplement  the  observed  data  with  some  very  uncertain  assump- 
tions in  order  to  solve  the  problem ;  and  it  can  only  be  said  that 
it  is  jyrobable  that  the  amount  of  light  absorbed  by  the  sun's  atmos- 
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phere  lies  between  fifty  and  eighty  per  cent ;  i.e,^  the  sun  deprived  of 
its  gaseous  envelope  would  probably  shine  from  two  to  five  times  as 
brightly  as  now.  It  is  noticeable  also,  as  Langley  long  ago  pointed 
out,  that  thus  stripped,  the  "complexion"  of  the  sun  would  be 
markedly  changed  from  yellowish  white  to  a  good  full  blue^  since  the 
blue  and  violet  rays  are  much  more  powerfully  absorbed  than  those 
at  the  lower  end  of  the  spectrum. 

THE   SUN'S   HEAT. 

338.  Its  Quantity;  the  "Solar  Constant.**  By  the  ''quantity  of 
heat"  received  by  the  earth  from  the  sun  we  mean  the  number  of 
hcat-uuits  received  in  each  unit  of  time  by  a  square  unit  of  surface 
when  the  sun  is  in  the  zenith.  The  heat-unit  most  employed  by 
engineers  is  the  calorie^  which  is  the  quantity  of  heat  required  to 
raise  the  temperature  of  one  kilogram  of  water  one  degree  centigrade. 
It  is  found  by  observation  that  each  square  metre  of  surface  exposed 
perpendiculai'ly  to  the  sun's  rays  receives  from  the  sun  each,  minute 
from  twenty- five  to  thirty  of  these  calories  ;  or  rather  it  would  do  so  if 
a  considerable  portion  of  the  sun's  heat  were  not  stopped  by  the  earth's 
atmosphere,  which  absorbs  some  thirty  per  cent  of  the  whole,  even 
when  the  sun  is  vertical,  and  a  much  larger  proportion  when  the  sun 
is  near  the  horizon.  This  quantit}',  twenty-five  calories^  per  square 
metre  per  minute  (using  the  smaller  of  the  values  mentioned,  which 
certainly  is  not  too  large),  is  known  as  the  "  Solar  Constant J^ 

339.  Method  of  determining  the  "  Solar  Constant."  — The  method 
by  which  the  solar  constant  is  determined  is  simple  enough  in  prin- 
ciple, though  complicated  with  serious  practical  difiUculties  which 
affect  its  accuracy.  It  is  done  by  allowing  a  beam  of  sunliglU  of 
knoicn  cross-section  to  shine  upon  a  known  weight  of  water  {or  other 
substance  of  kjiotcn  specific  heat)  for  a  knoicn   length   of  time^  and 


'  For  many  scientific  purposes  the  engineering  calorie  is  inconveniently 
l.irjje,  and  a  smaller  one  is  employed,  which  replaces  the  kilogram  of  water 
by  the  fjram  heated  one  degree  —  the  smaller  caloric  being  thus  only  j^^^  of 
the  en^inoering  unit.  As  stated  by  many  writers  (Langley,  for  instance),  the 
solar  constant  is  the  number  of  these  smalt  calories  received  per  square  centimetrf 
of  surface  in  a  minute.  This  would  make  the  number  2.5  instead  of  25.  It 
wouUl  perhaps  be  better  to  bring  the  whole  down  to  the  **  c.  g.  s.  system  '*  by  sub- 
stituting tlie  serrnd  for  the  minute;  and  this  would  give  us  for  the  solar  constant, 
on  the  '*  c.  g.  s.  system,"  0.0417  {small)  calories  per  square  centim^re  per  second. 
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measuring  the  rise  of  temperature.  It  is  necessary,  however,  to  de- 
termine and  allow  for  the  heat  received  from  other  sources  during  the 
experiment,  and  for  that  lost  by  radiation.  Above  all,  the  absorb- 
ing effect  of  our  own  atmosphere  is  to  be  taken  into  account,  and 
this  is  the  most  ditHcult  and  uncertain  part  of  the  work,  since  the 
atmospheric  absorption  is  continually  changing  with  every  change  of 
the  transparency  of  the  air,  or  of  the  sun's  altitude. 

340.    Pyrheliometers   and   Actinometers.  —  The   iustruments  with 

which  these  nieasiireraents  are  made,  are  known  as  "pyrheliometers"  and 

"actinometers."  Fig.  120  represents  the  pyr- 
heliometer  of  Pouillet,  with  which  in  1838  he 
made  his  determination  of  the  solar  constant, 
at  the  same  time  that  Sir  John  Ilerschel  was 
experimenting  at  the  Cape  of  Good  Hope  in 
practically  the  same  way.  They  were  the 
first  apparently  to  miderstand  and  attack  the 
problem  in  a  reasonable  manner.  The  pyr- 
heliometer  consists  essentially  of  a  little  cylin- 
drical box  ahy  like  a  snuff-box,  made  of  thin 
silver  plate,  with  a  diameter  of  one  decimetre 
and  such  a  thickness  that  it  holds  100  grams 
of  water.  The  upjier  surface  is  carefully 
blackened,  while  the  rest  is  polished  as  brill- 
iantly as  possible.  In  the  water  is  inserted 
the  bulb  of  a  delicate  thermometer,  and  the 
whole  is  so  mounted  that  it  can  be  turned  in 
any  direction  so  as  to  point  it  directly  towards 
the  sun.  It  is  used  by  fii*st  holding  a  screen 
Iwtween  it  and  the  smi  for  (say)  five  minutes, 
and  watching  the  rise  or  fall  of  the  mercury  in 
the  thermometer  at  w.  There  will  usually  be 
some  slight  change  due  to  the  radiation  of 
surrounding  bmlies.  The  screen  is  then  re- 
moved, and  the  sun  is  allowed  to  shine  upon 
the  blackened  surface  for  five  minutes,  the 
instrument  being  continually  turned  \x\)OVi 
the  thennonietfr  as  an  axis,  in  order  to  keep  the  water  in  the  calorimeter 
box  well  stirretl.  At  the  end  of  the  fiWi  minutes  the  screen  is  replaced 
and  the  rise  of  the  temperature  noted.  The  difference  between  this  and 
the  change  of  the  thermometer  during  the  fii*st  five  minutes  will  give  us  the 
amount  by  which  a  beam  of  sunlight  one  decimetre  in  diameter  hjis  raised 
the  temperature  of  1(K»  grains  of  water  in  five  minutes,  and  were  it  not  for 
tin;  troublesome  corrections  which  must  be  made,  would  furnish  directlv  the 
value  of  the  solar  constant. 


Fia.  120.  —  PouillefH  I»vrheUoinflcr. 
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341.  The  second  apparatus,  Fig.  121,  is  the  actinometer  of  Violle,  which 
consists  of  two  concentric  metal  spheres,  the  inner  of  which  is  blackened  on 
the  inside,  while  the  outer  one  is  brightly  polished,  the  space  between  the 
two  being  filled  with  water  at  a  known  temperature,  kept  circulating  by  a 
pump  of  some  kind.     The  thermoscopic 

body  in  this  case,  instead  of  being  a  box 
filled  with  water,  is  the  blackened  bulb 
of  the  thermometer  T;  and  the  obser- 
vations may  be  made  either  in  the  same 
way  as  with  the  pyrheliometer,  or  simply 
by  noting  the  difference  between  the 
temperature  finally  attained  by  the  ther- 
mometer T  after  it  has  ceased  to  rise  in 
the  sun's  rays,  and  the  temperature  of 
the  water  circulating  in  the  shell. 

342.  Correction  for  Atmospheric 

Absorption.  —  The  correction  for  at- 
mospheric absorption  is  determined  by 
making  observations  at  various  altitudes 

of  the  sun  between  zenith  and  horizon.  

If  the  rays  were  homogeneous  (that  is,  Km.  121.  — Vioiie'«  Actinonoetcr. 

all   of   one  wave-length),   it  would   be 

comparatively  easy  to  deduce  the  true  correction  and  the  true  value  of 
the  solar  constant.  In  fact,  however,  the  visible  solar  sj^ectrum  is  but  a 
small  portion  of  the  whole  spectrum  of  the  sun*s  radiance,  and,  as  Langley 
has  shown,  it  is  necessaiy  to  determine  the  coefficient  of  absorption  separately 
for  all  the  rays  of  different  wave-length. 


343.  The  Bolometer.  —  This  he  has  done  by  means  of  his  "  Bolometer," 
an  instrument  which  is  capable  of  indicating  exceedingly  minute  changes  in 
the  amount  of  radiation  received  by  an  extremely  thin  strip  of  metal.  This 
strip  is  so  arranged  that  the  least  change  in  its  electrical  resistance  due  to 
any  change  of  temperature  will  disturb  a  delicate  galvanometer.  The 
instrument  is  far  more  sensitive  than  any  thermometer  or  even  thermo- 
pile, and  has  the  especial  advantage  of  being  extremely  quick  in  its  re- 
sponse to  any  change  of  radiation.  Fig.  122  shows  it  so  connected  with 
a  sp«'ctrosco|>e  that  the  observer  can  bring  to  the  bolometer,  B,  rays  of 
any  wave-length  he  chooses.  The  rays  enter  through  the  collimator  lens 
A,  and  are  then  refracted  by  the  prism  P  to  the  reflector  3f,  whence  they 
are  sent  h:u'k  to  B. 

Langley  has  shown  that  the  corrections  for  atmospheric  absorption  deduced 
by  earlier  observers  are  all  considerably  too  small,  and  has  raised  the  re- 
ceived value  of  the  solar  constant  from  20  or  25,  which  was  the  value 
accepted  a  few  years  ago,  to  •)(),     We  have,  however,  provisionally  retained 


the  liO,  as  his  new  resulta,  though  abnost  certainly  correct,  have  not  yet 
L>een  universally  accepted,  and  perhaps  need  verificatiou. 

344.  A  less  teclmical  statement  of  the  solar  radiation  may  be 
made  in  terms  of  thickness  of 
the  quantity  of  ice  which  would 
be  melted  by  it  in  a  given  time. 
Since  it  requires  about  eighty 
calories  of  heat  to  melt  a  kilo- 
gram of  ice,  it  follows  that 
twenty-five  calories  [kf  minute 
I>er  square  metre  would  liquefy 
ill  an  hour  a  sheet  of  ice  one 
metre  square  and  about  nine- 
teen millimetrea  thi<A.  Ac- 
coL-ding  to  this  the  sun's  taeat 
would  melt  about  174  feet  of 
ice  aninially  on  the  earth's 
equator;  or  136^  feet  yearly  all 
over  the  surface  of  the  earth, 
if  the  heat  annually  received 
were  equally  <listribul«d  in  all 
latitudes.  (See  note  at  end  of 
*"'"■'"■  the  chapter,  i)age  227.) 

I.iniilcy'1  Sprctro-Bulomrlrr,  u  uwd  fur  Mapping 
(be  EnviKy  at  llic  t'rliiuBlJc  S^ifciruni. 

346.  Bolar  Heat  exprened 
u  Energy. — Since  according  to 
the  known  value  of  the  "meehanioiU  equivalent  of  heat"  (Physics,  p. 
l.'iO)  a  horso-power  corresponds  to  about  lOj'j  calorics  por  minute,  it 
follows  thiit  eiicli  sqiiure  metre  of  nurfuce  (ucglecliug  the  air-abBorj)- 
tioii)  KDulil  reveire,  v-heii  the  sun  is  overJieail,  about  ttco  and  one- 
lliinl  bume-poicer  ifiulhiuonxlff.  Atmospheric  absorption  cuts  this 
down  to  aliout  ouc  and  one-half  horsc-jiower,  of  which  about  one- 
eighth  can  be  actually  utilized  by  proiierly  constructed  machinery, 
an,  for  instance,  the  solar  engines  of  Ericsson  and  Mouchot  (see 
r.angloy's  "New  Astronomy").  In  Erii-sson's  apparatus  the  re- 
flector, about  11  feet  by  IC  feet,  coHecttnl  lieat  enough  to  work  a 
three- horse -|)oncr  engine  very  well.  Taking  the  earth's  surface  as  a 
whole,  the  energy  received  during  a  year  .iggregates  about  sixty  mile- 
tons  for  every  tHpiarc  foot.  That  is  to  say,  the  heat  annually  Tt- 
ccifed  on  eaeh  square  foot  of  (lie  earth's  surface,  if  employed  in  a 
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fterfed  heat  engine^  would  be  able  to  hoist  sixty  tons  to  the  height 
of  a  mile, 

346.  Solar  Badiation  at  the  Sim*t  Surface.  —  If,  now,  we  estimate 
the  amount  of  radiation  at  tlie  sun's  surface  itself,  we  come  to 
results  which  are  simply  amazing  and  beyond  comprehension.  It  is 
necessary  to  multiply  the  solar  constant  observed  at  the  earth  (which 
is  at  a  distance  of  93,000000  miles  from  the  sun)  by  the  square  of 
the  ratio  between  93,000000  and  433,250,  the  radius  of  the  sun.  This 
square  is  about  46,000 ;  in  other  words,  the  amount  of  heat  emitted 
in  a  minute  by  a  square  metre  of  the  sun*s  surface  is  about  46,000 
times  as  great  as  that  received  by  a  square  metre  at  the  earth.  Car- 
rying out  the  calculations,  we  find  that  this  heat  radiation  at  the  sur- 
face of  the  sun  amounts  to  over  a  million  calories  per  square  metre 
per  minute;  that  it  is  over  100,000  horse-power  per  square  metre 
continuously  acting ;  that  if  the  sun  were  frozen  over  completely  to 
a  depth  of  ffly  feet^  the  heaJt  emitted  is  sufficient  to  melt  this  whole 
shell  in  one  minute  of  time;  that  if  an  ice  bridge  could  be  formed 
from  the  earth  to  the  sun  by  a  column  of  ice  two  and  one-fourth 
miles  square  at  the  base  and  extending  across  the  whole  93,000000 
of  miles,  and  if  by  some  means  the  whole  of  the  solar  radiation 
could  be  concentrated  upon  this  column,  it  would  be  melted  in  one 
second  of  time,  and  in  between  seven  and  eight  seconds  more  would 
be  dissipated  in  va|K)r.  To  maintain  such  a  development  of  heat  by 
combustion  would  require  the  hourly  burning  of  a  layer  of  the  best 
anthracite  coal  from  sixteen  to  twenty  feet  thick  over  the  sun's  entire 
surface, — a  ton  for  every  square  foot  of  surface,  —  at  least  nine 
times  as  much  as  the  consumption  of  the  most  powerful  blast  fur- 
nace in  existence.  At  that  rate  the  sun,  if  made  of  solid  coal,  would 
not  last  6000  vears 

347.  Waste  of  Solar  Heat.  —  Tliese  estimates  are  of  course  based  on 
the  assumption  tliat  the  sun  radiates  heat  equally  in  all  directions,  and  there 
is  no  assignable  reason  why  it  should  not  do  so.  On  this  assumption,  how- 
ever, so  far  as  tee  can  see,  only  a  minute  fraction  of  the  whole  radiation  ever 
reaches  a  resting-place.  The  earth  receives  about  taM,oiuuM  of  the  whole,  and 
the  othtT  planets  of  the  solar  system,  with  the  comets  and  the  meteors,  get 
also  their  shares  ;  all  of  them  toeether,  perhaps  ten  or  twenty  times  as  much 
as  the  earth.  Something  like  ioo;oujuu6  ot  the  whole  seems  to  be  utilized  within 
the  limits  of  the  solar  system.  As  for  the  rest,  science  cannot  yet  tell  what 
l)ecomes  of  it.  A  part,  of  course,  reaches  distant  stars  and  other  objects  in 
interstellar  space ;  but  by  far  the  larger  portion  seems  to  l>e  "  wasted,"  accord- 
ing to  our  human  ideas  of  waste. 
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348.  Experiments  with  the  thermopile,  first  conducted  by  Henry 
at  Princeton  in  1845,  show  that  the  heat  from  the  edges  of  the  sun's 
disc,  like  the  light,  is  less  than  that  from  the  centre  —  according 
to  Langley's  measurements  about  half  as  much.  The  explanation 
evidently  lies  in  its  absorption  by  the  solar  atmosphere. 

349.  The  Snn's  Temperature.  —  While  we  can  measure  with  some 

accuracy  the  quantity  of  heat  sent  us  by  the  sun,  it  is  different  with 

its  temperature^  in  respect  to  which  we  can  only  say  that  it  must  be 

very  high  —  much  higher  than  any  temperature  attainable  by  known 

methods  on  the  surface  or  the  earth. 

This   is    shown    by    a 

number  of  facts,  for  in- 
stance, by  the  great  abuu" 
•F  dance  of  the  violet  and 
ultra -violet  rays  in  the 
sunlight. 

Again,  by  the  x>enetrat' 

ing    power    of    sunlight; 

a  large  i)ercentage  of  the  heat  from   a  common  fire,  for  instance, 

being  stopped  by  a  plate  of  glass,  while  nearly  the  whole  of  the  solar 

radiation  passes  through. 

The  most  impressive  demonstration,  however,  follows  from  this 
fact;  viz.,  that  at  the  focus  of  a  powerful  burning-lens  all  known 
substances  melt  and  vaiX)rize,  as  in  an  electric  arc.  Now  at  the 
focus  of  the  lens  the  limit  of  the  temperature  is  that  which  would 
be  produced  by  the  sun's  direct  radiation  at  a  point  where  the  sun's 
angular  diameter  equals  that  of  the  burning-lens  itself  seen  from  the 
focus,  as  represented  in  Fig.  123.  An  object  at  F  would  theoreti- 
cally (that  is,  if  there  was  no  loss  of  heat  conducted  away  by  sur- 
rounding l)odies  and  by  the  atmosphere)  reach  the  same  temperature 
as  if  carried  to  a  point  where  the  sun's  angular  diameter  equals  the 
angle  LFL\  In  the  most  powerful  burning-lenses  yet  constructed 
a  body  at  the  focus  is  thus  virtually  carried  up  to  within  about 
240,000  miles  of  the  sun's  surface,  where  its  apparent  diameter 
would  be  about  80°.  Here,  as  has  been  said,  the  most  refrac- 
tory substances  are  immediately  subdued.  If  the  earth  were  to  ap- 
proach the  sun  as  near  as  the  moon  is  to  us,  she  would  melt  and  be 
vaporized. 

350.  Ericsson  in  1872  made  an  exceedingly  ingenious  and  interesting 
experiment  illustrating  the  intensity  of  the  solar  heat.    He  floated  a  calor- 
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imeter,  containing  about  ten  pounds  of  water,  upon  the  surface  of  a  large 
mass  of  molten  iron  by  means  of  a  raft  of  fire-brick,  and  found  that  the 
radiation  of  the  metal  was  a  trifle  over  250  calories  per  minute  for  each 
square  foot  of  surface ;  which  is  only  ^  part  of  the  amount  emitted  by  the 
same  area  of  the  sun's  surface.  He  estimated  the  temperature  of  tile  metal 
at  3000°  F.  or  1538o  C. 

351.  Effective  Temperature.  —  The  question  of  the  sun's  temper- 
ature is  embarrassed  by  the  fact  that  it  has  no  one  temperature  ;  the 
temperature  at  different  parts  of  the  solar  photosphere  and  chromo- 
sphere must  be  very  different.  We  evade  this  difficulty  to  some 
extent  by  substituting  for  the  actual  temperature,  as  the  object  of 
inquiry,  what  has  been  called  the  8un*s  "  effective  temjyerature'* ;  that 
is,  the  temperature  which  a  sheet  of  lampblack  must  have  in  order 
to  radiate  the  amount  of  heat  actually  thrown  off  by  the  sun.  (Phys- 
icists have  taken  the  radiating  power  of  lampblack  as  unity,)  If  we 
could  depend  upon  the  laws  ^  deduced  from  laboratory  experiments, 
by  which  it  has  been  sought  to  connect  the  temperature  of  the  body 
with  its  rate  of  radiation,  the  matter  would  then  be  comparatively' 
simple:  from  the  known  radiated  quantity  of  heat  (in  calories)  we 
could  compute  the  effective  temperature  in  degrees.  But  at  present  it 
is  only  by  a  very  unsatislactory  process  of  extrapolation  that  we  can 
I'each  conclusions.  The  sun's  temperature  is  so  much  higher  than 
any  which  we  can  manage  in  our  laboratories,  that  there  is  not  yet 
much  certainty  to  be  obtained  in  the  matter.  Kosetti,  the  most 
recent  investigator,  whose  results  seem  to  be  on  the  whole  the  most 
probable,  obtains  10,000°  C.  or  18,000°  F.  for  the  effective  tempera- 
ture. 

352.  Constancy  of  the  Sun's  Heat.  —  It  is  an  interesting  and  thus 
far  unsolved  problem,  whether  the  total  amount  of  the  sun's  radia- 
tion varies  perceptibly  rit  different  times.  It  is  only  certain  that  the 
variations,  if  real,  are  too  small  to  be  detected  by  our  present  means 
of  observation.  Possibly,  at  some  time  in  the  future,  observations 
on  a  mountain  summit  above  the  main  body  of  our  atmosphere  may 
decide  the  (piestiou. 


1  A  number  of  such  laws  have  beiMi  formulated ;  for  instance,  the  well-known 
law  of  Dulong  and  Petit  (Physics,  p.  470).  The  French  physicists  Pouillet  and 
Vicaire,  using  this  formula,  have  deduced  values  for  the  sun*s  effective  temper- 
ature ranging  from  IGOO'^  to  2500°  C.  Ericsson  and  Secchi,  using  Newton's  law 
of  radiation  (which,  however,  is  certainly  inapplicable  under  the  circumstances), 
put  the  figure  among  the  millions.  Zii liner,  Spiirer,  and  Lane  gire  values  rang- 
ing from  25,000°  to  50,000°  C. 
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It  is  not  unlikely  that  changes  in  the  earth's  climate  snch 
have  given  rise  to  glacial  and  carboniferous  periods  may  ultimately 
be  traced  to  the  condition  of  the  sun  itself,  especially  to  changes  in 
the  thickness  of  the  absorbing  atmosphere,  which,  as  Langley  has 
pointed  out,  must  have  a  great  influence  in  the  matter.  Since  the 
Christian  era,  however,  it  is  certain  that  the  amount  of  heat  annually 
received  from  the  sun  has  remained  practically  unclianged.  This  ia 
inferred  from  the  distribution  of  plants  and  animals,  which  is  still  sab- 
stantially  the  same  as  in  the  days  of  Pliny. 

353.  Maintenance  of  the  Solar  Heat. — The  question  at  once 
arises,  if  the  sun  is  sending  off  such  an  enormous  quantity  of  heat 
annually,  how  is  it  that  it  does  not  grow  cold  ? 

(a)  The  sun's  heat  cannot  be  kept  up  by  combustion.  As  has 
been  said  before,  it  would  have  burned  out  long  ago,  even  if  made 
of  solid  coal  burning  in  oxygen. 

(6)  Nor  can  it  be  simply  a  heated  body  voolivg  down.  Huge  as  it 
is,  an  easy  calculation  shows  that  its  temperature  must  have  fallen 
greatly  within  the  last  2000  years  by  such  a  loss  of  heat,  even  if  it 
had  a  s^^ecific  heat  higher  than  that  of  any  known  substance. 

As  matters  stand  at  present,  the  available  theories  seem  to  be 
reduced  to  two,  —  that  of  Mayer,  which  ascribes  the  solar  heat  to 
the  energy  of  meteoric  matter  falling  on  the  sun  ;  and  that  of  Helm- 
holtz,  who  finds  the  cause  in  a  slow  contraction  of  the  sun's  diameter. 

364.  Meteoric  Theory  of  Snn's  Heat.  —  The  first  is  based  on  the 
fact  tliat  when  a  moving  body  is  stopped,  its  mass-energy  becomes 
molecular  energy,  and  ap[)cars  mainly  as  heat.  The  amount  of  heat 
developed  in  such  a  case  is  given  by  the  formula 

^      8339' 

in  which  Q  is  the  number  of  calories  of  heat  produced,  Jf  the  mass 
of  the   moving   bod}'   in   kilograms,  and   V  its   velocity  in  metres 
per  second  ;  the  denominator  is  the  ^*  mechanical  equivalent  of  heat" 
Physics,  p.  159)  multiplied  by  2  fj  expressed  in  metises;  i.e.,  425  X 
2x9.81. 

Now,  the  velocity  of  a  body  coming  from  any  considerable  distance 
and  falling  into  the  sun  can  l>e  shown  to  be  about  380  miles  per 
second,  or  more  than  GIO  kilometres.     A  body  weighing  one 


OBJECTIONS   TO   METEORIC   THEORY  OF   SUN's   HEAT.        228 

would  therefore,  on  striking  the  sun  with  this  velocity,  produce  about 
45,000000  calories  of  heat, 


r(r)ioooo)n 

|_     8339     J 


This  is  6000  times  more  than  could  be  produced  by  humiiig  it,  even 
if  it  were  coal  or  solidified  hydrogen  burning  in  pure  oxygen. 

Now,  as  meteoric  matter  is  continually  falling  upon  the  earth,  it 
must  be  also  falling  upon  the  sun,  and  in  vastly  greater  quantities, 
and  an  easy  calculation  shows  that  a  quantity  of  meteoric  matter 
equal  to  y^  of  the  earth's  mass  striking  the  sun's  surface  annually 
with  the  velocity  of  600  kilometres  per  second  would  account  for  its 
whole  radiation. 

355.  Objections  to  Meteoric  Theory  of  Son's  Heat.  — There  can  be 
no  question  that  a  certain  fraction  of  the  sun's  heat  is  obtained  in  this 
way,  but  it  is  very  improbable  tliat  this  fraction  is  a  large  one ; 
indeed,  it  is  hardly  possible  that  it  can  be  as  much  as  one  per  cent  of 
the  whole. 

(1)  The  annual  fall  on  the  sun*s  surface  of  such  a  quantity  of  meteoric 
matter  implies  the  presence  near  the  sun  of  a  vastly  greater  mass ;  for,  as  we 
shall  see  hereafter,  only  a  few  of  the  meteors  that  approach  the  sun  from 
outer  space  would  strike  the  surface:  most  of  them  would  act  like  the 
comets  and  swing  around  it  without  touching.  Now,  if  there  were  any 
considerable  quantity  of  such  matter  near  the  sun,  there  woidd  result  dis- 
turbances in  the  motions  of  the  planets  Mercury  and  Venus,  such  as  obser- 
vation does  not  reveal. 

(2)  Professor  Peirce  has  shown  further  that  if  the  heat  of  the  sun  were 
produced  in  this  way,  the  earth  ought  to  receive  from  the  meteors  that  strike 
her  surface  about  half  as  much  heat  as  she  gets  from  the  sun.  Now  the 
quantity  of  meteoric  matter  which  would  have  to  fall  upon  the  earth  to  fur- 
nish us  daily  half  as  much  heat  as  we  receive  from  the  sun,  would  amount  to 
nearly  fifty  tons  for  each  square  mile.  It  is  not  likely  that  we  actually  get 
10.UUUOUO  of  that  amount.  It  is  difficult  to  determine  the  amount  of  heat  which 
the  earth  actually  does  receive  from  meteors,  but  all  observations  indicate 
that  the  quantity  is  extremely  small.  The  writer  has  estimated  it,  from 
the  best  data  attainable,  as  less  in  a  year  than  we  get  from  the  sun  in  a 
second, 

356.  Helmholtz's  Theory  of  Solar  Contraction.  —  We  seem  to  be 
Hhut  up  to  the  theory  of  Helmholtz,  now  almost  universally  accepted ; 
namely,  that  the  heat  necessary  to  maintain  the  sun's  radiation  is 
principally  supplied  by  the  slow  contraction  of  its  bulk,  aided,  however, 


f 
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by  tho  aoiH)inimiiyiii<x  liquofactioii  and  solidification  of  portions  of  its 
•[usoous  mass.  Wiion  a  Inxly  falls  through  a  certain  distance,  gradu- 
r//v«  a«;ainst  rosisUinoe,  and  then  conies  to  rest,  the  same  total  amount 
K^i  hoat  is  prinhicod  as  if  it  had  fallen  freely ^  ami  been  stopped  instantly. 
If,  thou,  tho  sun  iloos  contract,  heat  is  necessarily  produced  by  the 
proivss,  and  that  in  onormous  quantity,  since  the  attracting  force  at 
tho  solar  surfaiv  is  more  than  twenty-seven  times  as  great  as  terres- 
trial gravity,  and  tho  i*ontracting  mass  is  immense.  In  this  pro- 
cess oC  ooutraotion  oaoh  particle  at  the  surface  moves  inward  by  an 
amount  iHiual  to  tho  diminution  of  the  sun^s  radius  :  a  particle  below 
tho  surfaoo  moves  loss  and  under  a  diminished  gravitating  force  ;  but 
ovory  particle  in  tlio  whole  mass,  excepting  only  that  at  the  exact 
cent IV  ot*  tho  jxlobo,  t\Mitributos  somothimr  to  the  evolution  of  heat. 
In  oi\lor  Xo  oaloulato  tho  pnviso  amount  of  hoat  evolveil  by  a  given 
>hrinkaue  it  would  bo  noivssarv  to  know  tho  law  of  increase  of  the 
suu*s  donsitv  fivm  tho  surfaoo  to  tho  ctMilro ;  but  Helmholtz  has 
sluMvn  tlial  uudvrlho  mo^t  unfavoniMo  ixMiditions  ci  cohtrKtr'iou  in  the 
s  .'iV  »r  ;  .».'..•«■'*,.'■■*  r: ' »  h  :  *ly\f  tr  I'f  rff>v  rVf .'  ii  »y«-.j/  ( l:?o  feet  in 
iho  MU\'s  '\>. »'»*•. s^  :  1  ?.  *  I  iiiv.i'.  i.'  tor  .''«■  ^'7l••.^    ii/f>i«.:»'  i**''*i'Ht  cf  hetit^ 

«  Am 

This  i>>n;raolion  is  >o  slow  that  it  would  Iv  quite  imi>eivoptible  to 
o*vior\a!ion.  It  would  nspiiro  more  than  i*'>H»  years  to  reihu-e  the 
sui\*s  ir.anioiov  bv  a  >ins:lo  >Oi\Mul  of  :»rv* ;  and  noihir*:!  much  less 
wvv.:'.d  \,*  vvrS;vi:)lv  dotooviMo  bv  our  uu;*i<uro!r.oni>.  7*'  rA»-  <>.*«- 
.'\:/      I     <     \    \    '\..:i  :\.'s  I  r*.  >.   t!\o  :rioan  ;o::v.nr:\f.:ro  of  the  sun 

uvxiv,^.      I  v".*.;;  v^lxsorva'.U^r.  h'vnio  va::  di:or:v.;uo  ^*::c::;or  :!::s  :>  reallv 
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368.  Future  Duration  of  the  Sun.  —  If  this  shrinkage  theory  of  the 
solar  heat  is  correct  (and  there  is  every  reason  to  accept  it),  it  follows 
that  iu  time  the  sun's  heat  must  come  to  an  end,  and,  looking  back- 
wards, we  see  that  there  must  have  been  a  beginning. 

We  have  not  suflicieut  data  to  enable  us  to  calculate  the  future 
duration  of  the  sun  with  exactness,  though  an  approximate  estimate 
can  be  made.  According  to  Newcomb,  if  the  sun  maintains  its 
present  radiation,  it  will  have  shrunk  to  half  its  present  diameter  in 
about  5,000000  years  at  the  longest.  Since  when  reduced  to  this 
size  it  must  be  alx)ut  eight  times  as  dense  as  now,  it  can  hardly 
tlien  continue  to  be  mainly  gaseous,  and  its  temperature  must  begin 
to  fall.  Newcomb's  conclusion,  therefore,  is  that  it  is  not  likely 
that  the  sun  can  continue  to  give  sufllcicnt  heat  to  sup|)ort  such  life 
on  the  earth  as  we  are  now  acquainted  with,  for  10,000000  years 
from  the  present  time. 

359.  Age  of  the  Sun.  —  As  to  the  past  of  the  solar  history  on  this 
hy[X)thesis,  we  can  be  a  little  more  definite.  It  is  only  necessary  to 
know  the  present  amount  of  radiation,  and  the  mass  of  the  sun,  to  com- 
pute how  long  the  solar  fire  can  have  been  maintaincil  at  its  present 
intensity  by  the  processes  of  condensation.  No  conclusion  of  geom- 
etry is  mpre  certain  thau  this,  —  that  tlie  contraction  of  the  sun  to  its 
present  size,  from  a  diameter  even  many  times  greater  than  Nep- 
tune's orbit,  would  have  furnished  about  IH, 000000  times  as  much 
heat  as  the  sun  now  supplies  in  a  year,  and  therefore  tliat  the  sun 
cannot  have  been  emitting  heat  at  the  present  rate  for  more  than 
18,000000  years,  if  its  heat  has  really  been  generated  in  this  manner. 

But  of  course  this  conclusion  as  to  the  possible  j^ast  duration  of  the  solar 
system  rests  upon  the  assumption  that  the  sun  lias  derived  its  heat  solely  in 
this  way;  and  moreover,  that  it  radiates  heat  etjually  in  all  directions  in 
space,  —  assumptions  which  iK)ssibly  further  investigations  may  not  confinn. 

360.  Constitution  of  the  Sun.  — (a)  As  to  the  nature  of  the  main 
IkxIv  or  nucleus  of  the  sun,  we  cannot  In?  said  to  have  certain  knowl- 
edge.  It  is  probably  gnstousy  this  Ix'ing  indicated  by  its  low  mean 
density  and  its  high  temperature  —  enonnouhly  high  even  at  the  sur- 
face, where  it  is  coolest.  At  the  same  time  the  gaseous  matttT  at  the 
nucleus  nuist  be  in  a  very  different  stiite  from  gases  as  we  commonly 
know  tliem  in  our  laboratories,  on  account  of  the  intense  heat  and  the 
extreme  rondeujiition  by  the  enormous  force  of  solar  gravity.  The 
central  mass,  while  still  strictly  gaseous,  because  observing  the  three 
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physical  laws  of  Boyle,  Daltou,  and  Gay  Lnssac,  which  characterize 
gases,  would  be  denser  than  water,  and  viscous ;  probably  Bomething 
like  tar  or  pitch  in  consistency.* 

While  this  doctrine  of  the  gaseous  constitution  of  the  sun  is  gener- 
ally assented  to,  there  are  still  some  who  are  disposed  to  consider 
the  great  mass  of  the  sun  as  liquid. 

361.  (6)  The  photosphere  is  probably  a  shell  of  incandescent 
clouds,  formed  bv  the  condensation  of  the  vapors  which  are  exposed 
to  the  cold  of  space. 

362.  (c)  The  photospheric  clouds  float  in  an  atmosphere  contain- 
ing, still  uncondensed,  a  considerable  quantit}'  of  the  sa)ne  vapors 
out  of  ichkh  they  themselves  have  been  formed,  just  as  in  our  own 
atmosphere  the  air  around  a  cloud  is  still  saturated  with  water  vai)or. 
This  vapor-laden  atmosphere,  probably  comparatively  shallow,  consti- 
tutes the  reversing  layer,  and  by  its  selective  absorption  produces 
the  dark  lines  of  the  solar  spectrum,  while  by  its  general  absorption 
it  probably  produces  the  darkening  at  the  limb  of  the  sun. 

But  it  will  be  renieinberod  that  ^Ir.  Lockyer  and  others  arc  disposed  to 
question  the  existence  of  any  such  shallow  absorbing  stratum,  considering 
that  the  absorption  takes  place  in  all  regions  of  the  solar  atmosphere  even 
to  a  great  elevation. 

363.  {d)  The  chromosphere  and  prominences  are  composed  of 
the  permanent  gases,  mainly  hydrogen  and  helium,  which  are  min- 
gled with  the  viii)()rs  of  the  reversing  stratum  in  the  region  near  the 
photosphere,  but  usually  rise  to  far  greater  elevations  than  do  the 
vapors.  The  appearances  are  for  the  most  part  as  if  the  chromo- 
sphere was  formed  of  jets  of  heated  hydrogen  ascending  through  the 
interspaces  between  the  photospheric  clouds,  like  flames  playing  over 
a  coal  fire. 


*  The  law  of  Dalton  (Physics,  p.  181)  is,  that  any  number  of  different  gases  and 
vapors  tend  to  distribute  themselces  throufjhout  the  space  which  they  occupy  in  comm<m, 
t>ach  as  if  the  others  were  absent.  The  law  of  Boyle  or  Mariotte  (Physics,  p.  110) 
is,  that  at  any  (jiven  temperature  the.  volume  of  any  given  amount  of  gas  varies  inversely 
with  the  pressure;  i.e.,  pr  =  p'v\  The  law  of  Gay  Lussac  (Physics,  p.  185)  is, 
that  a  gas  under  constant  pressure  expands  in  volume  uniformly  under  uniform 
increment  of  temperature,  so  that  V,  —  I  „  {\  +  of).  Tliis  is  not  true  of  vapors  in 
pretence  of  the  liquids  from  which  they  have  been  evaporated;  for  inBtance,  of 
steam  in  a  boiler. 
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364.  (e)  The  corona  also  rests  on  the  photosphere,  and  the  peculiar 
green  line  of  its  Bpectrum  (Art.  329)  is  brightest  just  at  the  surface 
of  the  photosphere,  in  the  reversing  stratum  and  in  the  chromosphere 
itself;  but  the  corona  extends  to  a  far  greater  elevation  than  even 
the  prominences  ever  reach,  and  seems  to  be  not  wholly  gaseous, 
but  to  contain,  besides  the  hydrogen  and  the  mysterious  ^^  coronium," 
dust  and  fog  of  some  sort,  perhaps  meteoric.  Many  of  its  phenom- 
ena are  as  yet  unexplained,  and  since  it  can  only  be  observed  during 
the  brief  moments  of  total  solar  eclipses,  progress  in  its  study  is 
necessarily  slow. 

864  *.  Note  to  Article  344.  The  total  heat  received  by  the  earth  from  the 
8UQ  in  any  given  time  is  that  intercepted  by  its  diametrical  cross-section, 
ue,  by  the  area  of  one  of  its  great  circles  kept  always  perpendicular  to  the 
ami's  rays.  The  quantity  of  ice  which  would  be  melted  annually  on  this 
circular  plane  by  the  solar  rays  would  be  a  sheet  having  a  thickness  of  166.5 
metres  or  546  feet  (19—  x  24  X  365}  =  166.5~»). 

The  thickness  of  the  ice  which  could  be  melted  in  a  year  on  a  narrow 

546** 
equatorial  belt  would  be ,  or  174%  since  such  a  belt  intercepts  the  rays 

that  would  otherwise  fall  on  a  diametrical  strip  of  the  same  width  upon  the 
circular  plane. 

If  the  8un*s  heat  were  uniformly  distributed  over  the  earth's  whole  surface, 
which  equals  four  great  circles,  (4  7r/2^),  it  could  melt  a  shell  having  a  thick- 
ness of  51?!!,  or  136  J". 
4 

It  is  true  that  at  the  sea-level  the  solar-constant  is  much  diminished  by 
atmospheric  absorption ;  and  probably  does  not  exceed  fifteen  calories  per 
minute  directly  received  from  the  sun's  rays.  But  a  large  part  of  the  solar 
heat  absorbed  by  the  atmosphere  reaches  the  earth's  surface  indirectly^  so 
that  it  must  not  be  considered  as  lost  to  the  earth,  because  not  directly 
measurable  by  the  actinometer. 
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CHAPTER  X. 

ECLIPSES :  FORM  AND  DIMENSIONS  OB^  SHADOWS.  —  LUNAK 
ECLIPSES.  —  SOLAR  ECLIPSES. — TOTAL,  ANNULAR,  AND  PAR- 
TIAL.—  ECLIPTIC  LIAUTS  AND  NUlklBER  OF  ECLIPSES  IN  A 
YEAR.  —  THE   SAROS.  —  OCCULTATIONS. 

365.  The  word  eclipse  (Greek  ckXci^is)  is  strictly  a  medical  term, 
meaning  a  faint  or  swoon.  Astronomically  it  is  applied  to  the  dark- 
ening of  a  heavenly  body,  especially  of  the  sun  or  moon,  though 
some  of  the  satellites  of  other  planets  besides  the  earth  are  also 
'^' eclipsed"  from  time  to  time.  An  eclipse  of  the  moon  is  caused 
by  its  passage  through  the  shadow  of  the  earth ;  an  eclipse  of  the 
sunj  by  the  interposition  of  the  moon  between  the  sun  and  the  ob- 
server, or,  what  comes  to  the  same  thing,  by  the  passage  of  the 
moon's  shadow  over  the  observer. 

366.  Shadows.  —  If  interplanetary  space  were  slightly  dusty,  we 
should  see,  accompanying  the  earth  and  moon  and  each  of  the 
planets,  a  long  black  shadow  projecting  behind  it  and  travelling 
with  it.  Geometrically  speaking,  this  shadow  of  a  body,  the  eai-th 
for  instance,  is  a  solid  —  not  a  surface.  It  is  the  space  from  which 
sunlight  is  excluded.  If  we  regard  the  sun  and  other  heavenly 
bodies  as  truh'  spherical,  these  shadows  are  cones  with  their  axes 
in  the  line  joining  the  centres  of  the  sun  and  the  shadow-casting 
body,  the  ix>iut  being  always  directed  away  from  the  sun,  because 
the  sun  is  always  the  larger  of  the  two. 

367.  Dimensions  of  the  Earth's  Shadow. — The  length  of  the 
shadow  is  easily  found.  In  Fig.  124  we  have  from  the  similar 
triangles  OED  and  ECa,  OD:Ea::OE:EC  or  L  OD  is  the  dif- 
ference between  the  radii  of  the  sun  and  the  earth,  =  R  —  r, 
Ea  =  r,  and  OE  is  the  distance  of  the  earth  from  the  sun  =  A. 

Hence  Z=Ax(^^^    ^  =  -4^--^- 

\R  -  rj      108.5 

(The  fractional  factor  is  constant,  since  the  radii  of  the  sun  and 
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earth  are  fixed  quantities.  Substituting  the  values  of  the  radii,  we 
find  it  to  be  ^.)  This  gives  857,200  miles  for  the  length  of  the 
earth's  shadow  when  A  has  its  mean  value  of  93,000000  miles,  re- 


Fio.  124.  —  Dimensiona  of  the  Eartb'n  Shadow. 

garding  the  earth  as  a  perfect  sphere  and  taking  its  mean  radius. 
This  length  varies  about  14,000  miles  on  each  side  of  the  mean  as 
the  earth  changes  its  distance  from  the  sun. 

The  semi-angle  of  the  cone  (the  angle  ECb^  or  ECB  in  the  figure)  is 
found  as  follows.     Since  OEB  is  exterior  to  the  triangle  BEC, 

OEB=EBC^BCE, 


or 


BCE  -  OEB  -  EBC. 


Xow,  OEB  is  the  sun\<t  apparent  semi-diameter  as  seen  from  the  earth,  and 
EBC  is  the  earth's  semi-diameter  as  seen  from  the  sun,  which  is  the  same 
thing  as  the  sun*8  horizontal  parallax  (Art.  83). 


Putting  S  for  the  suu's  semi-diameter,  and  /)  for  its  parallax,  we 

have  — 

Seuii-angle  at  C  =  S  —  p} 

From  the  cone  aCh  all  sunlight  is  excluded,  or  would  be  were  it 
not  for  the  fact  that  the  atmosphere  of  the  earth  by  its  refraction 
l)ends  some  of  the  rays  into  this  shadow.  The  effect  is  to  make  the 
shadow  a  little  larger  in  diameter,  but  less  perfectly  dark. 

368.  Penmnbra.  —  If  we  draw  the  lines  Ba  and  Ab^  crossing  at 
C  between  the  earth  and  the  sun,  they  will  lx)und  the  penumbra. 
NVithin  this  space  a  part,  but  not  the  whole,  of  the  sunlight  is  cut  off : 
an  obser\'er  outside  of  the  shadow,  but  within  this  cone-frustum. 


1   AUO,  /rr 

giren  above. 


8in(iS'— />) 


,    an  expres8ion  sometimes  more  convenient  than  the  one 
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which  tapers  towards  the  sun,  would  see  the  earth  as  a  black  body 
encroaching  on  the  sun's  disc.  The  semi-angle  of  the  penumbra  E(?a 
is  easily  shown  to  be  /S  -f-p* 

369.  Although  geometrically  the  boundaries  of  the  shadow  and 
penumbra  are  perfectly  definite,  they  are  not  so  optically.  If  a  screen 
were  placed  at  Jf  (Fig.  124)  perpendicular  to  the  axis  of  the  shadow, 
no  sharply  defined  lines  would  mark  the  boundaries  of  either  shadow 
or  penumbra ;  near  the  edge  of  the  shadow,  the  penumbra  would 
be  very  nearly  as  dark  as  the  shadow  itself,  only  a  mere  speck  of  the 
sun  being  visible  there ;  and  at  the  outer  limit  of  the  penumbra  the 
shading  would  be  still  more  gradual. 

370.  Eclipses  of  the  Moon. — The  axis  of  the  earth's  shadow  is 
always  directed  to  a  point  exactly  opposite  the  sun.  If,  then,  at  the 
time  of  full  moon,  the  moon  happens  to  be  near  the  ecliptic  (that  is, 
not  far  from  one  of  the  nodes  of  her  orbit) ,  she  will  pass  into  the 
shadow  and  be  eclipsed.  Since,  however,  the  moon's  orbit  is  inclined 
about  five  and  one-fourth  degrees  to  the  plane  of  the  ecliptic,  this 
does  not  happen  very  often  (seldom  more  than  twice  a  year).  Ordi- 
narily the  moon  passes  north  or  south  of  the  shadow  without  touch- 
ing it. 

Lunar  eclipses  are  of  two  kinds,  —  partial  and  total :  total  when 
she  pusses  into  the  shadow  completely ;  partial  when  she  only  partly 
enters  it,  going  so  far  to  the  north  or  south  of  the  centre  of  the 
shadow  that  only  a  |X)rtion  of  her  disc  is  obscured. 

We  may  also  have  a  "  pemiinbral  eclipse  "  when  she  passes  merely  through 
the  i^eiiunibra  without  touchinj;  the  shadow.  In  this  case,  however,  the  loss 
of  light  is  so  gradual  and  so  slight,  unless  she  almost  grazes  the  shadow, 
that  an  observer  would  notice  nothing  unusual. 

371.  Size  of  the  Earth's  Shadow  at  the  Point  where  the  Moon 
crosses  it.  — Since  EC  in  Fig.  125  is  857,000  miles,  and  the  distance 
of  the  moon  from  the  earth  is  on  the  average  about  239,000  miles, 
CJTmust  be  018,000  miles,  and  3/A^,  the  semi-diameter  of  the  shadow 
at  this  i)oint,  will  be  |J^  of  the  earth's  radius.  This  gives  MN=  2854 
miles,  and  makes  tlie  whole  diameter  of  the  shadow  a  little  over  5700 
miles,  about  two  and  two-thirds  times  the  diameter  of  the  moon.  But 
this  quantity  varies  considerably.  The  shadow  is  sometimes  more 
than  three  times  as  large  as  the  moon,  sometimes  hardly  more  than 
twice  its  size. 
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372.  We  may  reach  the  same  result  in  another  way.  Considering  the 
triaugle  ECN,  Fig.  125,  we  have  the  angular  senii-dianieter  of  the  cro«»- 
section  of  the  shadow  where  the  moon  passes  through  it,  as  seen  from  the 
earth,  represented  by  MEN. 

But  ENa  =  MEN  +  ECN; 

whence  MEN ^  ENa-    ECN. 

Now  JSJVa  is  the  semi-diameter  of  the  earth  as  seen  from  the  moon ;  that 
in,  it  is  the  moon's  horizontal  parallax,  for  which  write  P.  Hence,  substituting 
for  ECN  its  value  S—p,  we  get 

MEN  =  P  +  p-S. 

Jl/fJV  is  called  "the  radius  ..ftlieNbadow."     The  mean  value  of  Pis  57' "J"; 
of  p,  8".8;  and  of  S,  Iff  •_*",  which  makes  the  mean  value  of  MEN^il'  0". 


The  mean  vahip  of  the  moon'«  apiwrent  semi-iliameter  is  15'  40",  the  ratio 
between  the  seini-diameter  of  the  moon  and  the  radius  of  the  shadow  t>etng 
about  Sj,  as  l^fore. 

In  coni|iiitin[;  a  lunar  eclipse,  this  angular  value  for  the  "  radius  of  the 
shadow,"  an  it  is  called,  is  more  convenient  than  its  value  in  mites.  It  is 
customary  to  increase  it  by  aliout  ^\  part  in  order  Ui  allow  for  the  effect  of 
the  earth's  atmosphere,  the  value  ortlinarily  used  lieing  JJ  (P  +  p  —  S). 
Some  computers,  however,  use  ^J,  and  others  i).  On  account  of  the  indis- 
tinctness of  the  edge  of  the  shadow  it  is  uot  easy  to  determine  what  precise 
value  ought  lo  lie  employed. 

373.  Duration  of  a  Lunar  Eclipse.  —  When  centrnl,  a  total  eclipse 
of  the  moiin  may,  all  thin^»  favoring,  continue  total  for  about  two 
hours,  the  interval  from  the  lirst  coiitnct  to  the  last  being  almut  two 
Lours  more.  This  depends  u|ion  the  fac-t  Hint  the  moon'a  hourly 
motion  Ih  nearly  ccpial  to  its  own  diameter.  The  whole  interval  from 
first  coulael  lo  last  is  the  time  occii]iic»l  by  the  inoon  in  moving  from 
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u  to  d  (Fig.  12(J).  The  toUility  lasts  while  it  moves  from  6  to  c. 
Tho  duration  of  a  non-central  eclipse  varies,  of  course,  according  to 
the  part  of  the  shadow  through  which  the  moon  passes. 


Fig.  1*26.  —  Duration  uf  a  Lunar  Eclipae. 

374.  Lunar  Ecliptic  Limit.  —  The  lunar  ecliptic  limit  is  the  great- 
est distance  from  the  node  of  the  moon's  orbit  at  which  the  sun 
can  be  consistently  with  having  an  eclipse.  This  limit  depends  upon 
the  inclination  of  the  moon's  orbit,  which  varies  a  little,  and  also  upon 
the  radius  of  the  shadow  at  the  time  of  the  eclipse  and  the  moon's 
apparent  semi-diameter,  which  quantities  are  still  more  variable. 
Hence  we  recognize  two  limits,  the  major  and  minor.  If  the  dis- 
tance of  the  sun  from  the  no<le  at  the  time  of  full  moon  cxceetls  the 
major  limit,  an  eclipse  is  imi)ossible ;  if  it  is  less  than  the  minor,  an 
eclipse  is  inevitable.  The  major  limit  is  found  to  be  12®  5' ;  the  minor, 
J*°  80'.  Since  the  sun  passes  over  an  arc  of  12'*  5'  in  less  tlian 
thirteen  days,  it  follows  that  an  eclipse  of  the  moon  cannot  |>088ibly 
take  place  more  than  thirteen  days  before  or  after  the  time  when  the 
sun  crosses  the  noile. 

375.  In  Fi:4.  1*27  k»t  XK  be  tli«*  ecliptic,  and  XM  the  orbit  of  the  moon, 
the  }>oint  .V  lu'in^  th(>  nodr.  and  the  angle  at  X  the  inclination  of  the  nuiuu'ri 


Kk..  127.  —  l-uimr  Ki-ll[ilic  I.imlt. 


orbit.    E  is  the  centre  of  the  eaith's  .shadow.    The  mm,  of  course,  in  directly 
opiK)sit<s  .ind  its  distance  from  the  opi>o.site  node  is  equal  to  EN,     Jf  is  the 
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centre  of  the  moon.  Call  the  semi-diameter  of  the  moon  S^ ;  then  EM  (the 
greatest  possible  distance  between  E  and  M  which  permits  an  eclipse)  equals 
the  sam  of  the  semi-diameters  of  the  moon  and  shadow,  or  S'-^  (P  +/?  —  5), 
and  the  corresponding  ecliptic  limit  EM  is  found  by  solving  the  spherical 
triangle  MNE^  having  given  ME  and  the  angle  at  N,  which  is  about  5^°. 
V/e  must  also  know  one  other  angle,  and  with  sufficient  approximation  for 
such  purposes  we  may  regard  the  angle  at  Af  as  a  right  angle.  The  solution 
will  give  the  value  of  the  ecliptic  limit  by  assigning  the  proper  values  to  the 
quantities  involved.  The  limit  is  always  very  nearly  eleven  times  EM^  be- 
cause the  inclination  of  the  moon's  orbit  is  nearly  ^^  of  a  <*  radian." 

376.  Phenomena  of  a  Total  Lunar  Eclipse.  — Half  an  hour  or  so 
before  the  moon  reaches  the  shadow  its  eastern  limb  begins  to  be 
sensibly  darkened,  and  the  edge  of  the  shadow  itself,  when  it  is  first 
reacheil,  looks  nearly  black  by  contrast  with  the  bright  parts  of  the 
moon's  surface.  To  the  naked  eye  the  outline  of  the  shadow  appears 
reasonably  sharp ;  but  with  even  a  small  telescope  it  is  found  to  be 
indefinite  and  hazy,  and  with  a  large  instrument  and  high  magnifying 
power  it  becomes  entirely  indistinguishable.     It  is  impossible  to  dc- 


Vm.  128.  —  I.lKlit  Ufut  liitu  Karth'n  Shaduw  by  Kefraction. 

icrmine  the  exact  moment  when  the  edge  of  the  shadow  reaches  any 
particular  |)oiut  on  the  moon  within  half  a  minute  or  so. 

After  the  moon  lias  whollv  entered  tlie  shadow  her  disc  is  usually 
still  distinctly  visible,  illuminated  with  a  dull,  copper-colored  light, 
which  is  sunlight,  deflected  around  the  earth  into  the  shadow  by  the 
refraction  of  our  own  atmosphere,  or  rather  by  that  i)ortion  of  our 
atmosphere  which  lies  witliin  ten  or  fifteen  miles  of  tiio  earth's  sur- 
face. Since  the  ordinary  horizontal  refraction  is  34',  it  follows  that 
light  which  just  gruzcs  the  earth's  surface  will  be  bent  inwards  by 
twice  that  amount,  or  I''  x'.  Now,  the  maxiiuuni  '*  radius  of  the 
shadow"  is  only  V  '2'.  In  an  extreme  case,  therefore,  even  when 
the  m<Mjn  is  exactly  central  in  the  hin^cst  possible  shadow,  it  receives 
some  sunlight  coming  around  the  cdjre  of  the  earth,  as  shown  by 
Fig.  12H.  To  an  observer  stationed  on  the  moon,  the  disc  of  the 
earth  would  appear  to  be  surrounded  by  a  narrow  rinj^  of  brilliant 
sunshine,  colored  with  sunset  hues  by  the  same  va|K>rs   which  tinge 
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a  to  d  (Fig.  126).  The  totality  lasts  while  it  moves  from  6  to  c. 
Tho  duration  of  a  non-central  eclipse  varies,  of  course,  according  to 
the  part  of  the  shadow  through  which  the  moon  passes. 


Fio.  126.  —  Duration  of  a  Lunar  Eclipfle. 

374.  Lunar  Ecliptic  Limit.  —  The  lunar  ecliptic  limit  is  the  great- 
est distance  from  the  node  of  the  moon's  orbit  at  which  the  sun 
can  be  consistently  with  having  an  eclipse.  This  limit  depends  upon 
the  inclination  of  the  moon's  orbit,  which  varies  a  little,  and  also  upon 
the  radius  of  the  shadow  at  the  time  of  the  eclipse  and  the  moon's 
apparent  serai-diameter,  which  quantities  are  still  more  variable. 
Hence  we  recognize  two  limits,  the  major  and  minor.  If  the  dis- 
tance of  the  sun  from  the  node  at  the  time  of  full  moon  exceeds  the 
major  limit,  an  eclipse  is  impossible ;  if  it  is  less  than  the  minor,  an 
eclipse  is  inevitable.  The  major  limit  is  found  to  be  12®  5' ;  the  minor, 
9®  30'.  Since  the  sun  passes  over  an  arc  of  12°  5'  in  less  than 
thirteen  days,  it  follows  that  an  eclipse  of  the  moon  cannot  |K)ssibly 
take  place  more  than  thirteen  days  before  or  after  the  time  when  the 
sun  crosses  the  node. 

375.  In  Fig.  127  let  NE  be  the  ecliptic,  and  NM  the  orbit  of  the  moon, 
the  |K)int  N  being  the  node,  and  the  angle  at  N  the  inclination  of  the  niooirs 


Kkj.  127.  —  LunHr  Ecliptic  I.imil. 


orbit.    E  is  tlie  centre  of  the  eaith's  shadow.    The  sun,  of  course,  is  directly 
op|K>site,  and  its  distance  from  the  opposite  node  is  equal  to  EN.     M  is  the 
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centre  of  the  moon.  Call  the  semi-diameter  of  the  moon  S^ ;  theu  EM  (the 
greatest  possible  distance  between  E  and  M  which  permits  an  eclipse)  equals 
the  sum  of  the  semi-diameters  of  the  moon  and  shadow,  or  8*+  (P+p^  5), 
and  the  corresponding  ecliptic  limit  EM  is  found  by  solving  the  spherical 
triangle  AfNE,  having  given  ME  and  the  angle  at  N,  which  is  about  5J°. 
We  must  also  know  one  other  angle,  and  with  sufficient  approximation  for 
such  purposes  we  may  regard  the  angle  at  JIf  as  a  right  angle.  The  solution 
will  give  the  value  of  the  ecliptic  limit  by  assigning  the  proper  values  to  the 
quantities  involved.  The  limit  is  always  very  nearly  eleven  times  EM,  be- 
cause the  inclination  of  the  moon's  orbit  is  nearly  ^^i  of  a  "  radian." 

376.  Phenomena  of  a  Total  Lunar  Eclipse.  — Half  an  hour  or  bo 
before  the  moon  reaches  the  shadow  its  eastern  limb  begins  to  be 
sensibly  darkened,  and  the  edge  of  the  shadow  itself,  when  it  is  first 
reached,  looks  nearly  black  by  contrast  with  the  bright  parts  of  the 
moon's  surface.  To  the  naked  eye  the  outline  of  the  shadow  appears 
reasonably  sharp ;  but  with  even  a  small  telescope  it  is  found  to  be 
indefinite  and  hazy,  and  with  a  large  instrument  and  high  magnifying 
power  it  becomes  entirely  indistinguishable.     It  is  impossible  to  de- 


Fi«.  128.  —  Ll^ht  bent  Into  Karth'ti  Shadow  by  Refraction. 

termine  tlie  exact  moment  when  the  edge  of  the  shadow  reaches  any 
particular  point  on  the  moon  within  half  a  minute  or  so. 

After  the  moon  has  wholly  entered  the  shadow  her  disc  is  usually 
still  distinctly  visible,  illuminated  with  a  dull,  copper-colored  light, 
which  is  sunlight,  deflected  around  the  earth  into  the  shadow  by  the 
refraction  of  our  own  atmosphere,  or  rather  by  that  portion  of  our 
atmosphere  which  lies  within  ten  or  fifteen  miles  of  the  earth's  sur- 
face. Since  the  ordinary  horizontal  refraction  is  34',  it  follows  that 
light  which  just  grazes  the  earth's  surface  will  be  bent  inwards  by 
twice  that  amount,  or  1°  S'.  Now,  the  maximum  "radius  of  the 
shadow"  is  only  1°  2'.  In  an  extreme  case,  therefore,  even  when 
the  moon  is  exactly  central  in  the  largest  possible  shadow,  it  receives 
some  sunlight  conning  around  the  edge  of  the  earth,  as  shown  by 
Fig.  128.  To  an  observer  stationed  on  the  moon,  the  disc  of  the 
earth  would  appear  to  be  surrounded  by  a  narrow  ring  of  brilliant 
fiunshiue,  colored  with  sunset  hues  by  the  same  vapors  which  tinge 
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terrestrial  suDsets,  but  acting  with  double  power  because  the  light 
has  traversed  a  double  thickness  of  our  air.  If  the  weather  hap- 
pens to  be  clear  at  this  portion  of  the  earth  (upon  its  rim  as  seeu 
from  the  moon),  the  quantity  of  light  transmitted  through  the  at- 
mosphere is  very  considerable,  and  the  moon  is  strongly  illumi- 
nated. If,  on  the  other  hand,  the  weather  happens  to  be  stormy 
in  this  region,  the  clouds  cut  off  nearly  all  the  light.  In  the  lunar 
eclipse  of  1886  the  moon  was  absolutely  invisible  to  the  naked  eye, 
a  very  unusual  circumstance  on  such  an  occasion.  At  the  eclipse 
of  Jan.  28,  1888,  Pickering  found  that  the  pJiotographic  power  of 
the  centrally  eclipsed  moon  was  about  xoir^Finr  ^^  ^^^^  ^^  ^^®  moon 
when  uneclipsed. 

377.  XTses  made  of  Lunar  Eclipses.  —  In  astronomical  importance  a 

luiiar  eclipse  cannot  be  at  all  compared  with  a  solar  eclipse.  It  has  its  uses, 
however,  a.  Many  dates  in  chronology  are  fixed  by  reference  to  certain 
lunar  eclipses.  For  instance,  the  date  of  the  Christian  era  is  determined  by 
a  lunar  eclipse  which  liap[H»ned  upon  the  night  that  Ilerod  died,  b.  Before 
better  methods  were  devised,  lunar  eclipses  were  made  use  of  to  some  extent 
in  determining  the  longitude.  Unfortunately,  as  has  l)een  said  (Art.  119), 
it  is  impossible  to  note  the  critical  instants  with  any  degree  of  accuracy,  on 
account  of  the  indefiniteness  of  the  moon's  shadow,  c.  The  study  of  the 
8|)ectrum  of  the  eclipsed  moon  gives  us  some  data  as  to  the  constitution  of 
our  own  atmosphere.  We  are  thus  enabled  to  examine  light  which  has 
passed  through  a  greater  thickness  of  air  than  is  obtainable  in  any  other 
way.  d.  The  study  of  the  heat  radiated  by  the  moon  during  the  different 
phases  of  an  ecli^xse  gives  us  some  important  information  as  to  the  absorb- 
ing i>ower  and  temj^erature  of  its  surface.  Obser\*ations  have  been  made 
at  Lord  Ross<**s  observatory  of  all  the  recent  lunar  eclipses,  with  this  end  in 
view.  €,  Finally,  at  the  time  when  the  moon  is  eclipsed,  it  is  possible  to  ob- 
serve its  passage  over  small  stars  which  cannot  be  seen  at  all  when  near  the 
moon  except  at  such  a  time.  Observations  of  these  star  occultations  made 
at  different  parts  of  the  earth,  furnish  the  best  possible  data  for  computing 
the  dimensions  of  the  moon,  its  i>arallax,  and  for  determining  its  precise 
IMjsition  in  its  orbit  at  the  time  of  observation.  The  eclii^ses  of  the  last 
few  years  have  lx?en  very  carefully  observed  in  this  way  by  concert  between 
the  different  lejiding  observatories. 

378.  Computation  of  a  Lunar  Eclipse.  —  Since  all  the  phases  of 
a  lunar  eclipse  are  seen  everywhere  at  the  same  absolute  instant 
wherever  the  moon  is  above  the  horizon,  it  follows  that  a  single  com- 
putation giving  the  Greenwich  times  of  the  different  phenomena  is  all 
that  is  needed,  and  can  he  made  and  published  once  for  all.  Each 
observer  has  merely  to  correct  tlie  predicted  time  by  simply  adding 
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or  subtracting  his  longitude  from  Greenwich  in  order  to  get  the 
true  local  time.  The  computation  is  very  simple,  but  lies  rather 
beyond  the  scope  of  this  work. 

ECLIPSES   OF  THE   SUN. 

379.  Dimensions  of  the  Moon's  Shadow.  —  By  the  same  method 
as  that  used  for  the  shadow  of  the  earth  (merely  substituting  in  the 
formulae  the  radius  of  the  moon  for  that  of  the  earth) ,  we  find  that 
the  length  of  the  moon's  shadow  at  any  time  is  ^^  of  its  distance 
from  the  sun,  and  at  new  moon  averages  232,150  miles.  It  varies 
not  quite  4000  miles  each  way,  and  so  ranges  from  236,050  miles  to 
228,300.  The  semi-angle  of  the  moon's  shadow  is  practically  equal 
to  the  semi-diameter  of  the  sun  seen  at  the  earth,  or  very  nearly  16'. 

380.  The  Moon's  Shadow  on  the  Earth's  Surface.  —  Since  the 
mean  length  of  the  shadow  is  less  than  the  mean  distance  of  the 
moon  from  the  earth  (which  is  238,800  miles),  it  is  obvious  that 
on  the  average  it  will   not  reach  to  the  eaith.     On  account  of  the 
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Fio.  129.  — The  Moon*»  Shadow  on  the  Earth. 

eccentricity  of  the  moon's  orbit  however,  our  satellite  is  much  of 
the  time  considerably  nearer  than  this  mean  distance,  and  may  come 
within  221,600  miles  from  the  earth's  centre,  or  about  217,650 
miles  from  its  surface.  The  shadow,  also,  under  favorable  circum- 
stances, may  have  a  length  of  236,050  miles.  Its  point  may  there- 
fore at  times  extend  nearly  18,400  miles  beyond  the  earth's  surface. 
The  cross-section  of  the  shadow  where  the  earth's  surface  cuts  it 
(at  o  in  Fig.  129)  will  then  be  167  miles.  This  is  the  largest  value 
possible. 

Of  course,  if  the  shadow  strikes  obliquely  on  the  surface  of  the  earth,  as 
it  must  except  when  the  moon  is  in  the  zenith,  the  shadow  s|X)t  will  be  oral 
instead  of  circular,  and  the  length  of  the  oval  along  the  earth's  surface  may 
much  exceed  the  true  cross-section  of  the  shadow. 

381.  The  "Negative  "  Shadow.  —  Since  the  distance  of  the  moon 
may  be  as  great  as  252,970  miles  from  the  earth's  centre,  or  nearly 
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249,000  miles  from  its  surface,  while  the  shadow  may  be  as  short  as 
228,300  miles,  we  may  have  the  state  of  things  indicated  by  placing 
the  earth  at  B  in  the  figure.  The  vertex  of  the  shadow,  V,  will  then 
fall  21,700  miles  short  of  the  surface,  and  the  cross-section  of  the 
^^  shadow  produced"  will  have  a  diameter  of  206  miles  where  the 
earth's  surface  cuts  it.  When  the  shadow  falls  near  the  edge  of  the 
earth,  this  cross-section  may  be  as  great  as  230  miles.  The  shadow- 
spot  which  is  formed  by  the  intersection  of  the  produced  shadow- 
cone  with  the  earth's  surface  is  sometimes  called  the  neyaJtive  shadawy 
because  in  calculating  an  eclipse  its  radius  comes  out  from  the  formulse 
as  a  minus  quantity  in  case  the  shadow  does  not  reach  the  earth. 

382.  Total  and  Annular  Eclipses.  —  To  an  observer  within  the 
true  shadow  cone,  that  is,  between  Vand  the  moon  in  Fig.  129,  the 
sun  will  be  totally  eclipsed ;  but  an  observer  in  the  produced  cone 
beyond  V  will  see  the  moon  projected  on  the  sun,  leaving  an  un- 
cclipsed  ring  around  it.  He  will  have  what  is  called  an  annular 
eclipse.  These  aimular  eclipses  are  considerably  more  frequent  than 
total  eclipses  —  nearly  in  the  ratio  of  three  to  two. 

383.  The  Penumbra  and  Partial  Eclipses. — The  |>enumbra  can 
easily  be  shown  to  have  a  diameter  on  the  line  CD  (Fig.  129)  of  very 
nearly  twice  the  moon's  diameter.  We  may  take  it  as  having  an  aver- 
age diameter  at  this  point  of  4400  miles ;  but  as  the  earth  is  often  be- 
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Fi(i.  inn.  —  Width  of  the  Penumbra  of  the  Moon's  Shadow. 


vend  T^  its  cross-section  at  the  earth  is  sometimes  as  much  as  4800 
miles.  An  observer  situated  within  the  penumbra  observes  a  partial 
eclipse  :  if  he  is  near  the  shadow  cone,  the  sun  will  be  mostly  covered 
by  the  moon ;  but  if  near  the  outer  limit  of  the  penumbra,  the  moon 
will  only  slightly  encroach  on  the  sun's  disc.  While,  therefore,  total 
and  annular  eclipses  are  visible  as  such  only  by  an  observer  within 
the  narrow  path  traversed  by  the  8hadow-s|X)t,  the  same  eclipse 
will   be  visible   as  a  partial  one  everywhere  within  2000  miles  on 
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either  aide  of  the  shadow  path ;  and  the  2000  milee  is  to  be  reck- 
oned perpendicularly  to  the  axis  of  the  shadow.  When,  for  instance, 
the  penumbra  falls,  as  shown  in  Fig.  130,  the  distance  BC  measured 
along  the  earth's  surface  will  be  over  3000  miles,  although  BF  is  only 


384.  Velocity  of  th«  Shadow  and  Duration  of  Ecliptea. — The 
moon  advaaces  along  its  orbit  very  nearly  2100  miles  an  hour,  and 
were  it  not  for  the  earth's  rotation  this  ia  the  rate  at  which  the 
ahadow  would  pass  the  observer.  The  earth,  however,  is  rotating 
towards  the  east  in  the  same  general  direction  as  that  in  which  the 
shadow  moves,  and  its  surface  moves  at  the  rate  of  about  104U 


Fis.  ISI .  -  Tnck  of  the  Uootfi  Stwlciw,  ScHiMa  irf  Jnljr,  Vm. 

miles  an  hour  at  the  equator.  An  observer,  therefore,  on  the  earth's 
equator,  with  the  moon  near  tlie  zenith,  would  be  passed  by  the 
shadow  with  a  spood  of  about  1060  miles  |>er  hour  (2100  -  104(1) ; 
and  this  is  its  slowest  velocity,  which  is  about  equal  to  that  of  a 
cannon-ball. 

Id  higher  latitudes,  wlicrc  the  velocity  of  the  earth's  rotation  is  less, 
the  relative  speed  of  the  ahadow  is  higher :  and  where  the  shadow  falls 
very  obliquely,  ixa  it  dues  when  an  eclipse  occurs  near  sunrise  or  suu- 
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set,  the  advance  of  the  shadow  along  the  earth's  surface  may  become 
exceedingly  swift,  —  as  great  as  4000  or  5000  miles  per  hour.  Fig. 
131,  which  we  owe  to  the  courtesy  of  the  publishers  of  Langley's 
^^  New  Astronomy,"  shows  the  track  of  the  moon's  shadow  during  the 
eclipse  of  July  29,  1878. 

385.  Duration  of  an  Eclipse.  —  A  total  eclipse  of  the  sun  observed 
at  a  station  near  the  equator  under  the  most  favorable  conditions  pos- 
sible (the  shadow-spot  having  its  maximum  diameter  of  167  miles), 
may  continue  total  for  seven  miniUes  and  fifty-eight  seconds.  In  lati- 
tude 40°  the  duration  of  totality  can  barely  equal  six  and  one-quarter 
minutes.  The  greatest  possible  excess  of  the  radius  of  the  moon 
over  that  of  the  sun  is  only  1'  19". 

An  annular  eclipse  may  last  for  12™  24*  at  the  equator.  The 
maximum  width  of  the  ring  of  the  sun  visible  around  the  moon 
is  1'  37". 

In  the  observation  of  an  eclipse  four  ^^  contacts"  are  noted:  the 
first  when  the  edge  of  the  moon  first  touches  the  edge  of  the  sun ;  the 
second,  when  the  eclipse  becomes  total  or  annular;  the  third,  at 
the  cessation  of  the  total  or  annular  phase;  and  the  fourth,  when 
the  moon  finally  leaves  the  disc  of  the  sun.  From  the  first  contact 
to  the  fourth  the  duration  may  be  a  little  over  two  hours. 

386.  The  Solar  Ecliptic  Limits.  —  It  is  necessary,  in  order  to  have 
an  eclipse  of  the  sun,  that  the  moon  should  encroach  on  the  cone 
ACBD  (Fig.  132),  which  envelops  earth  and  sun.  In  this  case  the 
"true"  angular  distance  between  the  centres  of  the  sun  and  moon 


Fig.  132.  —  Solar  BcUptlo  LimlU. 

—  that  is,  their  distance  as  seen  from  the  centre  of  the  earth  —  would 
be  the  angle  MES  in  the  figure.  This  is  made  up  of  three  angles : 
MEFy  which  equals  the  moon's  semi-diameter,  S^ ;  AES^  the  sun's 
semi-diameter  ;  *S  ;  and  FEA.    This  latter  angle  is  equal  to  the  differ- 
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ence  between  CFE  aud  FAE,  CFE  is  the  moon's  horizontal  paral- 
lax (the  semi-diameter  of  the  earth  seen  from  the  moon) ,  and  FAE 
or  CAE  is  the  sun's  parallax.  FEAy  therefore,  equals  P—p\  and 
the  whole  angle  MES  equals  aS  +  /S"  -f-  P— p.  This  angle  may  range 
from  1°  34'  13"  to  V  24'  19",  according  to  the  changing  distances  *  of 
the  sun  and  moon  from  the  earth. 

The  corresponding  distances  of  the  sun  from  the  node,  calculated  in 
the  same  way  as  the  lunar  ecliptic  limits  (taking  the  maximum  incli- 
nation of  the  moon's  orbit  as  5°  19'  and  the  minimum  as  4°  57', 
according  to  Neison),  give  18°  31'  and  15**  21'  for  the  major  and 
minor  ecliptic  limits. 

In  order  that  an  eclipse  may  be  central  (total  or  annular)  at  any 
part  of  the  earth,  it  is  necessary  that  the  moon  should  lie  wholly 
inside  the  cone  ACBD^  as  at  jr.  In  this  case  the  angle  M^ES  will 
be  S  —  S'  -^P—p^  and  the  corresponding  major  and  minor  central 
ecliptic  limits  come  out  11**  50'  and  9®  55'. 

387.  Phenomena  of  a  Solar  Eclipse.  —  There  is  nothing  of  special 
interest  until  the  sun  is  mostly  covered,  though  before  that  time  the 
shadows  cast  by  foliage  begin  to  look  peculiar.  The  light  shining 
through  every  small  interstice  among  the  leaves,  instead  of  forming  a 
little  circle  on  the  earth,  makes  a  little  acescent  —  an  image  of  the 
partly  covered  sun. 

Some  ten  minutes  before  totality  the  darkness  begins  to  be  felt,  and 
the  remaining  light,  coming  as  it  does  from  the  edge  of  the  sun  only, 
is  much  altered  in  quality,  producing  an  effect  very  like  that  of 
a  calcium  light  rather  than  sunshine.  Animals  are  perplexed,  and 
birds  go  to  roost.  The  temperature  falls  a  few  degrees,  and  some- 
times dew  appears. 


^  We  give  herewith  in  a  table  the  different  quantities  which  determine  the 
dimensions  of  the  shadows  of  the  earth  and  moon,  as  well  as  the  ecliptic  limits 
and  the  duration  of  eclipses. 


I 


lA-uDt.  Mean. 


(ireatewt. 

Apparent  semi-diameter  of  sun 10'  18" 

Apparent  semi-diameter  of  moon      ....  16' 46" 

Horizontal  parallax  of  the  sun 9".05 

Horizontal  parallax  of  the  moon 01'  18" 

Inclination  of  moon's  orbit 5^10'  4^57'     :  SOSUC 

Sun's  radius,  4.33,200  miks  ;  earth's  (nuan),  3950;  moon's,  1081.5. 


ir>'45" 

16'  02" 

14'  44" 

15' 45' 

8".  55 

8".80 

53'  58" 

57' 38" 
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because  the  nodes  retrograde  around  the  ecliptic  ou£e  in  aboat  nine- 
teen years,  the  eclipse  months  are  continually  changing.  The  time 
required  by  the  sun  in  passing  around  from  a  node  to  the  same 
node  again  is  34G.62  days,  which  is  sometimes  called  the  "  eclipse 
year." 

392.  number  of  Lnnar  Eclipses.  —  Representing  the  ecliptic  by  a 

circle  (Fig.  133)  with  the  two  opposite  nodes  A  and  a,  it  is  easy  to  see 

first,  that  there  can  be  but  two  htymr  eclipses  in  a  year  (omitting  for 

a  moment  one  exceptional  case) .     The  major  lunar  ecliptic  limit  is 

ri*^  li}' ;  honce  Ihi^'c  is  only  a  space  of  twice  that  amount,  or  24*  30', 

between  L  and  L\  at  each"  node 
month,"  within  which  tlie  occar- 
rencc  of  a  full  moon  might  give 
a  lunar  eclipse.  Now,  in  a  syn- 
odic month  the  sun  moves  along 
j^-^'  \  sj'   the  ecliptic  29°  C,  while  the  node 

moves  in  the  opposite  direction 
l""  31',  giving  the  relative  motion 
of  the  sun  referred  to  the  node 
equal  to  30**  37';  i.e.,  the  fun- 
moon  points  on  the  circle  would  faU 
at  a  distance  of  30**  37'  from  each 
r:,     ,o.»     v    I      t  V  V       »       n        otlicr.    Oulv  owc  fuU  moon«  there- 

fore,  can   possibly  occur  within 
the  lunar  ecliptic  limits  each  time  that  the  sun  passes  tlie  node. 

Since  the  7ninor  ecliptic  limit  for  the  moon  is  only  9**  30',  it  may 
easily  happen  that  neither  of  the  full  moons  which  occur  nearest  to 
the  time  when  the  sun  is  at  the  node  will  fall  within  the  limit.  There 
are  accordingly  many  years  which  have  no  lunar  eclipses. 

Three  lunar  eclipses,  however,  may  possibly  happen  in  one  calendar 
year  in  the  following  way.  Suppose  the  first  eclipse  occmra  about 
Jan.  1 ,  the  sun  passing  the  node  a)x)ut  that  time  ;  the  second  may  then 
happen  al)out  June  2,")  at  the  other  node,  a.  The  first  node,  Aj  will 
run  back  during  the  year,  so  that  the  sun  will  encounter  it  again  aboat 
Dec.  13  at  ^rl',  and  thus  a  third  eclipse  may  occur  in  December  of 
the  same  year.  This  actually  occurred  in  1787,  the  dates  of  the  three 
lunar  eclipses  being  Jan.  3,  Juno  30,  and  Dec.  24. 

393.  Hnmber  of  Solar  Eclipses.  —  Considering  now  soiar  ecUpoea, 
wo  find  that  there  must  inevitablv  be  ttm.     Twice  the  minor  limit 
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(Art.  386)  of  a  solar  eclipse  (15**  21')  is  30°  42',  which  is  more  than 
the  sun*8  whole  motion  in  a  month.  One  new  moon,  at  least,  there- 
fore, must  fall  within  the  limiting  distance  of  the  node,  and  two 
may  do  so,  since  in  the  figure,  SS'  is  always  greater  than  the  distance 
between  the  points  occupied  by  two  successive  new  moons. 

If  the  two  new  moons  in  the  two  eclipse  months  happen  to  fall 
very  near  a  node,  the  two  fuU  moons,  a  fortnight  earlier  and  later, 
will  both  be  very  likely  to  fall  outside  the  lunar  limit.  In  that  case 
the  year  will  have  only  two  eclipses,  both  solar  and  both  central ;  i.e., 
either  total  or  annular.     This  was  the  case  in  1886. 

Again,  if  in  any  year  two  full  moons  occur  when  the  sun  is  very  near 
the  node,  then  since  the  m^jor  solar  limit  is  IS"*  31',  it  may  happen, 
and  often  does,  that  there  will  be  two  partial  solar  eclipses,  one  a 
fortnight  before,  the  other  a  fortnight  after,  each  of  the  lunar  eclipses, 
and  so  the  year  will  have  three  eclipses  in  each  eclipse  month  —  six 
eclipses  in  all,  two  lunar  and  four  solar.  A  fifth  solar  eclipse  may 
also  come  in  near  the  end  of  the  year,  if  the  node  was  passed  about 
Jan.  15,  in  the  same  way  that  sometimes  happens  with  a  lunar  eclipse  : 
the  year  will  then  have  seven  eclipses.  This  was  the  case  in  1823. 
The  most  usual  number  of  eclipses  is  four  or  five. 

394.  Belatiye  Frequency  of  Solar  and  Lunar  Eclipsei .  —  Al- 
though, taking  the  whole  earth  into  account j  the  solar  eclipses  are 
the  most  numerous,  about  in  the  proportion  of  four  to  three,  it  is 
not  so  with  the  eclipses  visible  at  any  given  jtlace.  A  solar  eclipse 
can  be  seen  only  from  a  limited  portion  of  the  globe,  while  a  lunar 
eclipse  is  visible  over  considerably  more  than  half  the  earth,  either  at 
the  beginning  or  end,  if  not  throughout  its  whole  duration ;  and  this 
more  than  reverses  the  proportion  between  lunar  and  solar  eclipses 
for  any  given  station. 

395.  Eecurrence  of  Eclipses,  and  the  Saros. — It  is  not  known  how 
early  it  was  discovered  that  eclipses  recur  at  a  regular  interval  of 
eighteen  years  and  eleven  and  one-third  days  {ten  and  one-third  days, 
if  there  happen  to  be  five  leap  years  in  the  interval)  ;  but  the  Chaldeans 
knew  the  period  very  well,  and  called  it  the  Saros  (which  means 
"restitution'*  or  '*  repetition"),  and  used  it  in  preilieting  the  recur- 
rence of  these  phenomena.  It  is  a  period  of  223  synodic  months^ 
which  is  almost  exactly  equal  to  nineteen  eclipse  years.  The  eclipse 
year  is  ;J4r>^.6201,  and  nineteen  of  them  equal  6585**. 78,  while  223 
mouths  equal  G."*8r>**.;32. 
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because  the  nodes  retrograde  around  the  ecliptic  oux»  in  aboat  nine- 
teen years,  the  eclipse  months  are  continually  changing.  The  time 
required  by  the  sun  in  passing  around  from  a  node  to  the  same 
node  again  is  34G.62  days,  which  is  sometimes  called  the  '^  eclipse 
year." 

392.  Number  of  Lunar  Eclipses.  —  Representing  the  ecliptic  by  a 

circle  (Fig.  133)  with  the  two  opposite  nodes  A  and  a,  it  is  easy  to  see 

Jirst^  that  there  can  be  but  two  lujiar  eclipses  in  a  year  (omitting  for 

a  moment  one  exceptional  case) .     The  major  lunar  ecliptic  limit  is 

\'2^  15' ;  hence  lliere  is  only  a  space  of  twice  that  amount,  or  24*  80', 

between  L  and  L\  at  each  "  node 
month,"  within  which  the  occur- 
rence of  a  full  moon  might  give 
a  lunar  eclipse.  Now,  in  a  syn- 
odic month  the  sun  moves  along 
j^^'  \  *jj'   the  ecliptic  29°  C,  while  the  node 

moves  in  the  opposite  direction 
1°  31',  giving  the  relative  motion 
of  the  sun  referred  to  the  node 
equal  to  30°  37';  i.e.,  the  fuU- 
moon  points  on  the  circle  toouldfaU 
(tt  a  distance  of  30°  37'  from  each 

Fio.  133.  -  Xumb^M^EHipHe.  Annually.         ^^^^«^-      ^^^J  ^"^  ^^^^  ^^^^  t^e^e- 

fore,  can  possibly  occur  within 
the  lunar  ecliptic  limits  each  time  that  the  sun  passes  the  node. 

Since  the  minor  ecliptic  limit  for  the  moon  is  only  9°  30',  it  may 
easily  happen  that  neither  of  the  full  moons  which  occur  nearest  to 
the  time  when  the  sun  is  at  the  node  will  fall  within  the  limit.  There 
are  accordingly  many  years  which  have  no  lunar  eclipses. 

Three  lunar  eclipses,  however,  may  possibly  happen  in  one  calendar 
year  in  the  following  way.  Suppose  the  fii*st  eclipse  occurs  about 
Jan.  1,  the  sun  passing  the  node  about  that  time  ;  the  second  may  then 
happen  about  June  25  at  the  other  node,  a.  The  first  node,  -4,  will 
run  back  during  the  year,  so  that  the  sun  will  encounter  it  again  about 
Dec.  13  at  A\  and  thus  a  third  eclipse  may  occur  in  December  of 
the  same  vear.  This  actuallv  occurred  in  1 787,  the  dates  of  the  three 
lunar  eclipses  being  Jan.  3,  June  30,  and  Dec.  24. 

393.  Hnmber  of  Solar  Eclipses.  —  Considering  now  sdar  eclipses, 
we  find  that  there  must  inovitablv  be  tft^fj.     Twice  the  minor  limit 
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(Art.  386)  of  a  solar  eclipse  (15°  21')  is  30**  42',  which  is  more  than 
the  8UD*8  whole  motion  in  a  month.  One  new  moon,  at  least,  there- 
fore, must  fall  within  the  limiting  distance  of  the  node,  and  two 
may  do  so,  since  in  the  figure,  SS*  is  always  greater  than  the  distance 
between  the  points  occupied  by  two  successive  new  moons. 

If  the  two  new  moons  in  the  two  eclipse  months  happen  to  fall 
very  near  a  node,  the  two  fuU  moons,  a  fortnight  earlier  and  later, 
will  both  be  very  likely  to  fall  outside  the  lunar  limit.  In  that  case 
the  year  will  have  only  two  eclipses,  both  solar  and  both  central ;  i.e. , 
either  total  or  annular.     This  was  the  case  in  1886. 

Again,  if  in  any  year  two  full  moons  occur  when  the  sun  is  very  near 
the  node,  then  since  the  major  solar  limit  is  18°  31',  it  may  happen, 
and  often  does,  that  there  will  be  two  partial  solar  eclipses,  one  a 
fortnight  before,  the  other  a  fortnight  after,  each  of  the  lunar  eclipses, 
and  so  the  year  will  have  three  eclipses  in  each  eclipse  month  —  six 
eclipses  in  all,  two  lunar  and  four  solar.  A  Jiftk  solar  eclipse  may 
also  come  in  near  the  end  of  the  year,  if  the  node  was  passed  about 
Jan.  15,  in  the  same  way  that  sometimes  happens  with  a  lunar  eclipse : 
the  year  will  then  have  seven  eclipses.  This  was  the  case  in  1823. 
The  most  usual  number  of  eclipses  is  four  or  five. 

394.  Relative  Frequency  of  Solar  and  Lunar  Eclipses.  —  Al- 
though, taking  the  whole  earth  into  account^  the  solar  eclipses  are 
the  most  numerous,  about  in  the  proportion  of  four  to  three,  it  is 
not  so  with  the  eclipses  visible  at  any  given  place.  A  solar  eclipse 
can  be  seen  only  from  a  limited  portion  of  the  globe,  while  a  lunar 
eclipse  is  visible  over  considerably  more  than  half  the  earth,  either  at 
the  beginning  or  end,  if  not  throughout  its  whole  duration ;  and  this 
more  than  reverses  the  proportion  between  lunar  and  solar  eclipses 
for  any  given  station. 

395.  Eecnrrence  of  Eclipses,  and  the  Saros. — It  is  not  known  how 
early  it  was  discovered  that  eclipses  recur  at  a  regular  interval  of 
eighteen  3'ears  and  eleven  and  one-third  days  {ten  and  one-third  days, 
if  there  happen  to  be  five  leap  years  in  the  interval)  ;  but  the  Chaldeans 
knew  the  perioil  very  well,  and  called  it  the  Saros  (which  means 
"restitution"  or  "repetition"),  and  used  it  in  pre<licting  the  recur- 
rence of  these  phenomena.  It  is  a  period  of  223  synodic  months^ 
which  is  almost  exactly  equal  to  nineteen  eclipse  years.  The  eclipse 
year  is  846<*.6201,  and  nineteen  of  them  equal  6585'*.78,  while  223^ 
months  equal  G.'>8r>'*.32. 
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The  difference  is  only  y^  of  a  day  (about  11  hours)  in  which  time 
the  sun  moves  28'.  If,  therefore,  an  eclipse  should  occur  to-day  at 
uew  moon,  with  the  sun  exactly  at  the  node,  then  after  223  months 
(18  yeai*s  11  days)  a  new  moon  will  occur  again  with  the  sun  only  28' 
west  of  the  node ;  so  that  the  circumstances  of  the  first  eclipse  will 
be  pretty  nearly  repeated.  It  would  however  occur  about  eight  hours 
of  longitude  further  west  on  the  earth's  surface,  since  the  223  months 
exceed  the  even  6585  days  by  -f^  of  a  day,  or  7**  42". 

396.  Number  of  Recurrences  of  a  Oiven  Eclipse.  — It  is  usual  to 

speak  of  eclipses  recurring  at  this  regular  interval  as  '^  repetitions  "  of  one 
and  the  same  eclipse.  A  lunar  eclipse  is  usually  thus  <' repeated"  48  or  49 
times.  Beginning  as  a  very  small  partial  eclipse,  with  the  sun  about  12^ 
east  of  the  node,  it  will  be  a  little  larger  at  its  next  occurrence  eighteen 
years  later ;  and  after  13  or  14  repetitions  the  sim  will  have  come  so  near 
the  node  that  the  eclipse  will  have  become  total.  It  will  then  be  repeated 
as  a  total  eclipse  22  or  23  times,  after  which  it  will  become  partial  again 
with  the  sun  west  of  the  node,  and  after  13  more  returns  as  a  partial  eclipee 
will  finally  dwindle  away  and  disappear,  having  thus  recuFred  regularly  once 
in  every  223  months  during  an  inter\'al  of  865  J  years. 

The  same  thing  happens  with  the  solar  eclipses,  only  since  the  solar 
ecliptic  limit  is  larger  than  the  lunar,  a  solar  eclipse  has  from  65  to  70  re^ 
turns,  occupying  some  1200  years.  Of  these  about  25  are  only  partial 
eclipses,  the  sun  being  so  near  the  ecliptic  limit  that  the  axis  of  the  shadow 
does  not  reach  the  earth  at  all.  Tlie  45  eclipses  in  the  middle  of  the  period 
are  central  somewhere  or  other  on  the  earth,  about  18  of  them  being  total, 
and  about  27  annular.  These  numl)ers  vary  somewhat,  however,  in  differ* 
ent  cases. 

397.  It  is  to  be  noticed  that  the  Saros  exhibits  not  only  a  close 
commensurability  of  the  synodic  months  with  the  eclipse  years,  but 
also  with  the  nodical^  and  anomalistic  months:  242  nodical  months 
equal  0585.357  days ;  231)  anomalistic  months  equal  0585.549  days. 
This  last  coincidence  is  important.  The  moon  at  the  end  of  the 
Saros  of  223  months  not  only  returns  very  closely  to  its  original 
|X)sitiou  with  respect  to  the  sun  and  the  node^  but  also  with  respect  to 
the  line  of  apsides  of  its  orbit.  If  it  was  at  perigee  originally,  it  will 
again  be  within  five  hours  of  perigee  at  the  end  of  the  Saros.  If  this 
were  not  so,  the  time  of  the  eclipse  might  be  displaced  five  or  six 


^  Tlic  nodical  month  is  the  time  of  the  moon's  revolution  from  one  of  its  nodes 
to  the  8umc  node  again,  and  is  equal  to  27^21222 ;  the  anomalistic  month  is  the 
time  of  revolution  from  perigee  to  perigee  again,  and  equals  27'.65460.  See 
Arts.  454,  4ryr>. 
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hours  by  the  great  perturbation  of  the  moon's  motion  known  as  the 
evection,  to  be  considered  later,  in  Chap.  XII. 

398.  Bfnmber  of  Eclipses  in  a  Single  Saros.  —  The  total  number  is 
usually  about  sevent}',  varying  two  or  three  one  way  or  the  other,  as 
new  eclipses  come  in  at  the  eastern  limit  and  go  out  at  the  western. 
Of  the  70,  29  are  usually  lunar  and  41  solar ;  and  of  the  solar,  27  arc 
centraly  17  being  annular  aud  10  total.  (These  numbers  are  necessarily 
only  approximate.)  It  appears,  therefore,  that  total  solar  eclipses, 
somewhere  or  other  on  the  earthy  are  not  very  rare,  there  being  about 
ten  in  eighteen  years.  Since,  however,  the  shadow  track  averages 
less  than  100  miles  in  width,  each  total  eclipse  is  visible,  as  totals 
over  only  a  very  small  fraction  of  the  earth's  whole  surface  —  about 
7^  in  the  mean.  This  gives  about  one  total  eclipse  in  360  years,  in 
the  long  run,  at  any  given  station. 

The  total  solar  eclipses  visible  in  the  United  States  during  the  present 
century  are  the  following :  — 

June  10,  1806,  in  New  York  and  New  England,  duration  4 J  minutes; 
Nov.  30,  18iU,  in  Arkansas,  Missouri,  Alabama,  aud  (leorgia,  duration  2 
minutes ;  July  18,  1860,  in  Washington  Territory  and  I^brador,  3  minutes ; 
Aug.  7, 1869,  in  Iowa,  Illinois,  Kentucky,  North  Carolina,  2 J  minutes;  July  29, 
1878,  in  Wyoming,  Colorado,  Texas,  2\  minutes;  Jan.  11, 1880,  in  California, 
duration  32  seconds;  Jan.  1,  1H89,  in  California  and  Montana,  2\  minutes; 
May  27,  1900,  from  Louisiana  to  Virginia,  2  minutes. 

399.  OccnItationB  of  Stars.  —  In  theorv,  and  in  the  method  of  com- 
putation,  the  occultation  of  a  star  is  precisely  like  a  solar  eclipse,  except 
that  the  shadow  of  the  moon  projected  by  a  star  is  a  cylinder  instead 
of  a  cone^  since,  compared  with  the  distance  of  the  sun,  that  of  a 
star  is  infinite :  moreover,  the  star  is  a  mere  point,  so  t^at  there  is 
no  sensible  penumbra.  In  other  words,  a  star  has  neither  parallax 
nor  semi-diameter,  and  these  circumstances  somewhat  simplify  the 
formulae. 

As  the  moon  moves  always  towards  the  east,  the  disappearance  of 
the  star  always  takes  place  at  the  eastern  limb,  and  the  reappearance 
at  the  western.  In  the  first  half  of  the  lunation  the  eastern  limb 
is  dark  and  invisible,  and  the  star  vanishes  without  warning.  The 
suddenness  with  which  it  appears  and  reappears  has  already  been 
referred  to  (Art.  25,^))  as  proof  of  the  non-cxistonce  of  a  lunar  atmos- 
phere. Observations  of  tliis  sort  determine  the  moon's  place  witli 
great   accuracy,  aud  when  corresponding  observations  are  made  at 
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different  places,  they  supply  one  of  the  best  possible  means  of  deter- 
mining their  difference  of  longitude. 

In  some  cases  observers  have  reported  that  a  star,  instead  of  disappearing 
instantaneously  when  struck  by  the  moon's  limb  (faintly  visible  by  earth- 
shine),  has  appeared  to  cling  to  the  limb  for  a  second  or  two  before  vanish- 
ing, and  in  a  few  instances  they  have  even  reported  it  as  having  reappeared 
and  disappeared  a  second  time,  as  if  it  had  been  for  a  moment  visible  through 
a  rift  in  the  moon's  crust.  Some  of  these  anomalous  phenomena  have  been 
explained  by  the  subsequent  discovery  that  the  star  was  double,  or  bad  a 
faint  companion. 
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CHAPTER  XI. 


CENTRAL  forces:  EQUABLE  DESCRIPTION  OF  AREAS.  —  AREAL, 
LINEAR,  AND  ANGULAR  VELOCITIES.  —  EEPLEB'S  LAWS  AND 
INFERENCES  FROM  THEM.  —  GRAVITATION  DEMONSTRATED 
BY  THE  moon's  MOTION.  —  CONIC  SECTIONS  AS  ORBITS. — 
THE  PROBLEM  OF  TWO  BODIES.  —  THE  "VELOCITY  FROM 
INFINITY,"  AND  ITS  RELATION  TO  THE  SPECIES  OF  ORBIT 
DESCRIBED  BY  A  BODY  MOVING  UNDER  GRAVITATION.  —  THE 
INTENSITY  OF   GRAVITATION. 


400.  A  MOVING  body  left  to  itself,  according  to  Newton's  first  law 
of  motion  (Physics,  p.  27),  moves  on  forever  in  a  straight  line  with  a 
uniform  velocity.  If  we  find  a  body  so  moving,  we  may,  therefore, 
infer  that  it  is  either  acted  on  by  no  force  whatever,  or,  if  forces  are 
acting  upon  it,  that  they  exactly  balance  each  other. 

It  has  been  customary  with  some  writers  to  speak  of  a  body  thus  moving 
**  uniformly  in  a  straight  line  "  as  actuated  by  a  **  projectile  force"  a  very 
unfortunate  expression,  which  is  a  survival  of  the  Aristotelian  idea  that  rest 
is  more  "  natural  *'  to  matter  than  motion,  and  that  when  a  body  moves, 
some  force  must  operate  to  keep  it  moving.  The  mere  uniform  rectilinear 
motion  of  a  material  mass  in  empty  space  implies  no  physical  cause,  and 
demands  no  explanation.  Change  of  motion,  either  in  speed  or  in  direction 
— this  alone  implies  force  in  operation. 

401.  If  a  body  moves  in  a  straight  line,  with  swiftness  either 
increasing  or  decreasing,  we   infer   a 

force  acting  exactly  in  the  line  of  mo- 
tion, and  accelerating  or  retarding  it. 
If  it  moves  in  a  cwrre,  we  know  that 
some  motion  is  acting  athwart  the  line 
of  motion.  If  the  velocity  in  the  curve 
increases,  we  know  that  the  direction 
of  the  force  that  acts  is  forward,  like 
ab  (Fig.  134),  making  an  angle  of  less 

than  90**  with  the  *'  line  of  motion"  a  t  (the  tangent  to  the  path  of 
the  body)  ;  and  vice  versa,  if  the  motion  of  the  body  is  retarded. 


Fio.  134.  —  Canrature  of  lux  Orbit. 
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If  the  speed  does  not  alter  at  all,  we  know  that  the  force  must  act 
along  the  line  ac^  exactly  perpendicular  to  the  line  of  motion. 

Here,  also,  we  find  many  writers,  the  older  ones  especially,  bringing  in 
the  "  projectile  force,''  and  saying  that  when  a  body  moves  in  a  curve  it  does 
so  under  the  action  of  two  forces,  one  a  force  that  draws  it  sideways,  the 
other  the  "  projectile  force  "  directed  along  its  path.  We  repeat;  this  "pro- 
jectile force  "  has  no  present  existence  or  meaning  in  the  problem.  Such 
a  force  may  have  put  the  body  in  motion  long  ago,  but  its  function  has 
ceased,  and  now  we  have  only  to  do  with  the  action  of  one  single  force,  — 
the  deflecting  force,  which  alters  the  direction  of  the  body's  motion.  Of 
course  it  is  not  intended  to  deny  that  the  deflecting  force  may  itself  be  the 
resultant  of  any  number  of  forces  all  acting  together ;  but  a  single  force  act- 
ing athwart  a  body's  line  of  motion  is  suflicient  to  cause  it  to  describe  a 
curvilinear  orbit,  and  from  such  an  orbit  we  can  only  infer  the  necessary 
existence  of  one  such  force. 

402.  Description  of  Areas.  —  (a)  If  a  body  is  moving  uniformly  on 
a  straight  line,  and  if  we  connect  the  points  -4,  jB,  (7,  etc.,  Fig.  135,  which 
it  occupies  at  the  end  of  successive  units  of  time  with  any  point  what- 
ever, as  0,  we  shall  have  a  series 
of  triangles,  AOB^  etc.,  which 
will  all  he  equal;  since  their  bases 
AB^  EC,  etc.,  are  equal  and  on 
the  same  straight  line,  and  they 
have  a  common  vertex  at  0. 
Calling  the  line  from  A  to  0  its 
radius  vector,  and  0  the  "  cen- 

Ki«.  ijfc,.  tre,"  we  may  say,  therefore,  that 

Description  of  Area*  in  Uniform  Motion.  whcu    a   body    is    moviug   Undis- 

turbed  by  any  force  whatever, 
its  radius  vector^  from  ain/  centre  arbitrarily  chosen^  describes  equal 
areas  in  equal  times  around  that  centre.  The  area  enclosed  in  the 
triangle  described  bv  the  radius  vector  in  a  unit  of  time  is  called 
the  body's  ^^  areal  (or  ''''areolar'')  velocity,"  and  in  this  case  is 
constant. 

403.  (6)  Moreover,  any  impulse  in  the  line  of  the  radius  vector^ 
either  towards  or  from  the  centre^  leaves  unchamjvd  both  the  plane  of 
the  body*s  motion  and  its  areal  velocity. 

Suppose  a  body  movinor  uniformly  on  the  line  AC  (Fig.  136)  witli 
such  a  velocity  that  it  describes  AB,  BC^  etc. ,  in  successive  units  of 
time ;  then,  by  the  preceding  section,  the  areal  vi'hK'ity  will  be  con- 
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stant,  and  measured  by  the  area  of  any  one  of  the  equal  triangles 
AOBy  BOC,  or  COL,  Suppose,  now,  that  at  C  the  body  receives 
an  *'  impulse  "  directed  along  the  radius  vector  towards  0  —  a  blow, 
for  instance,  which  by  itself  would  make  the  bod}'  describe  CK  in  a 
unit  of  time.  The  body  will  now  take  a  new  path,  which  will  carry  it 
to  the  point  D,  determined  by  constructing  the  ^^  parallelogram  of 


Fig.  136.  —  Description  of  Areas  under  an  Impulse  directed  towards  a  Centre. 

motions"  CKDL^  and  thus  combining  the  new  motion  CK  with  the 
former  motion  CL,  according  to  Newton's  second  law  (Ph3*sics,  p.  27). 
Tlie  new  areal  velocity,  measured  by  the  triangle  OCD,  will  be  the 
same  as  before,  as  is  easily  shown. 

Triangle  50(7=  triangle  COZr,  because  BC=  CL^  and  O  is  their 
common  vertex. 

Also,  triangle  COL  =  triangle  COD^  because  they  have  the  common 
base  OC,  and  their  summits  L  and  D  are  on  a  line  which  was  drawn 
parallel  to  this  base  in  constructing  the  parallelogram  of  motions. 
Hence  triangle  7?0C=  triangle  COD.  and  the  areal  velocity  remains 
unrhanfjeiL 

Also,  as  mav  be  seen  bv  followinji:  out  the  same  reasoning  with 
CW  and  CD\  the  same  result  would  liold  true  if  the  impulse  had 
been  directed  airati  from  O  instead  of  towards  it. 

404.  This  result  depends  entirely  on  the  fact  that  the  impulse  CK  or 
CK'  wa.s  exactly  along  the  ratlius  vector  CO,     If  it  had  not  been  80,  then  m 
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constructing  the  parallelogram  of  motions  to  find  the  points  D  and  //,  we 
should  have  had  to  draw  LD  or  Liy  not  parallel  to  CO,  and  the  two  triangles 
BOC  and  COD  w;ould  necessarily  have  been  unequal.  COD  would  be 
greater  than  BOC  if  CK  were  directed  ahead  of  the  radius  vector,  and  less 
if  behind  it. 

As  regards  the  plane  of  motion,  the  point  D  is  on  the  plane  OCL^ 
because  LD  was  drawn  through  L  parallel  to  OC.  OCL  is  a  part 
of  the  plane  which  contains  the  triangles  BOC  and  AOBj  and  hence 
OCD  also  lies  in  the  same  plane. 

406.  (c)  From  this  obviously  follows  the  important  general  prop- 
osition that  wlien  a  body  is  moving  under  the  action  of  a  force  always 
directed  towaixls  or  from  a  fixed  centre,  the  radius  vector  will  describe 
equal  areas  in  equal  times;  and  the  path  of  the  body  wiU  all  lie  in  one 
plane. 

Such  a  force  constantly  acting  is  simply  equivalent  to  an  indefinite 
number  of  separate  impulses.  Now  if  no  single  impulse  directed 
along  the  radius  vector  can  alter  the  areal  velocity  or  plane  of  motion, 
neither  can  a  succession  of  them.     Uence  the  proposition  follows. 

In  case  of  a  continuously  acting  force  the  orbit,  however,  will 
become  a  curve  instead  of  being  a  broken  line. 

Observe  that  this  proposition  remains  tnie  whether  the  force  is 
attractive  or  repulsive,  and  that  it  is  independent  of  the  law  of  the 
force ;  that  is,  the  force  may  vary  directly  with  the  distance^  or  in- 
versely as  the  square  of  the  distance,  or  as  the  logarithm  of  it,  or  in 
any  conceivable  way ;  it  may  even  be  discontinuous,  acting  only  at 
intervals  and  ceasing  between  times  :  and  still  the  law  holds  good. 

406.  Conversely,  if  a  body  moves  in  this  way^  describing  equal 
areas  in  equal  times  around  a  point,  it  is  easily  shown  thai  aU  the 
forces  acting  upon  the  body  must  be  directed  toward  that  2)oint. 

We,  however,  leave  the  demonstration  to  the  student. 

Since  the  earth  moves  very  nearly  in  this  way  in  its  orbit  around 
the  sun,  we  conclude  that  the  only  force  of  any  consequence  acting 
upon  the  earth  is  directed  towards  the  sun.  We  say,  "  of  any  con- 
sequence," because  there  are  other  small  forces  which  do  slightl}* 
modify  the  earth's  motion,  and  prevent  it  from  exactly  fulfilling  the 
law  of  areas. 

As  a  direct  consequence  of  the  law  of  equal  areas  we  have  certain 
laws  with  respect  to  the  linear  and  angular  velocities  of  a  body  mov- 
ing under  the  action  of  a  central  force. 
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407.  Law  of  Linear  Velocity. — Suppose  a  body  moving  under 
the  action  of  a  force  always  directed  towards  S  (Fig.  137),  and  let 
AB  be  a  portion  of  its  path  which  it  de- 
scribes in  a  second.  Draw  the  tangent 
Bb.  Regarding  the  sector  ASB  as  a 
triangle  (which  it  will  be,  sensibly,  since 
the  curvature  of  the  path  in  one  second 
will  be  ver}'  small)  the  area  of  this  tri- 
angle will  be  ^{AB  x  Sb).  Now  AB, 
the  distance  travelled  in  a  second,  is  ^ 

the  linear  velocity  of  the  body  (called  Q 

linear  because  it  is  measured  with  the  fiu.  137. 

same  units  as  any  other  line;  i.e.,  in       Linesr  and  Angular  VeiocitiM. 
miles  or  in  feet  per  second) ,  and  Sb  is  the 

distance  from  the  centre  of  force  to  the  ^^  line  of  motion,"  as  the  tan- 
gent Bb  is  called.     For  Sb,  p  is  usually  written ;   hence   in  ever}* 

2A 

part  of  the  same  orbit,  F(the  velocity  in  miles  per  second)  = — ,  and 

P 
is  inversely  proportional  to  |>.     Up  were  to  become  zero,  V  would 

become  infinite,  unless  A  were  zero  also. 

406.  Law  of  Angular  Velocity.  —  Referring  again  to  the  same 
figure,  the  area  of  ASB  is  equal  to  |  (AS  X  BS  X  ain  ASB),  or 
^  =  ^r^r, sin 0).  If  we  draw  r  to  the  middle  point  of  AB,  then  rir, 
=  7^,  nearly,  since  in  a  second  of  time  the  distance  would  not 
change  perceptibly  as  compared  with  its  whole  length.  <i>  will  also 
be  a  small  angle,  so  that  its  sine  will  equal  the  angle  itself  expressed 

in  radians ; 

2  A 
hence  ^7'^<a=A,  and  <u  =  — r-. 

r^ 

Now  (u  is  the  angular  velocity  of  the  body ;  that  is,  the  number  of 
'^  radians"  which  it  describes  in  a  second  of  time,  as  seen  from  S, 
while  r  is  the  radius  vector. 

409.  In  every  case,  therefore,  of  motion  under  a  central  force, 
I.  T7te  Areal  velocity  {acres  per  second)  is  constant;  II.  The 
Linear  velocity  {miles  per  second)  varies  inversely  as  the  distance  from 
the  centre  of  force  to  the  body's  line  of  motion  at  the  moment,  which 
line  of  motion  is  the  tangent  to  the  orbit  at  the  point  where  the  body 
happens  to  be ;  III.  The  Angtdar  velocity  (radians,  or  degrees,  per 
second)  varies  inversely  cw  t?ie  square  of  the  distance  of  the  body  from 
the  centre  of  force. 
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410.  The  student  will  remember  that  it  was  found  by  observation 
that  the  sun's  angular  velocity  varies  as  the  square  of  its  apparent 
diameter,  and  from  this  (Art.  189)  the  law  of  equal  areas  was 
inferred  as  a  fact  with  respect  to  the  earth's  motion.  Newton  was 
the  first  to  point  out  that  a  body  moving  under  the  action  of  a 
central  force  must  necessarily  observe  this  law  of  areas,  and,  con- 
versely, that  a  body  thus  observing  the  law  of  areas  most  neces- 
sarily be  under  the  control  of  a  central  force. 

411.  Circular  Motion. — In  the  case  of  a  body  moving  in  a 
circle  under  the  action  of  a  central  force,  the  force  must  be  constant, 
and  (Physics,  p.  62)  is  given  by  the  formula 

/=  ^.  («) 

in  which  r  is  the  radius  of  the  circle  and  Fthe  velocity,  while/  is 

the   central  force    measured    by   the   "  acceleration "   of    the  body 

towards  the  centre ;   that  is,  by  the   number  of  units  of  velocity 

which  the  force  would  generate  in  the  body  in  a  second  of  time ;  just 

as  the  force  of  gravity  is  expressed  by  writing,  gr  =  9.81  metres. 

For  many  purposes  it  is  desirable  to  have  an  expression  which 

shall  substitute  for  V  (a  quantity  not  given  directly  by  observation) 

the   time  of  revolution,  t,  which  is  so  given.     Since  V  equals  the 

2irr 
circumference  of  the  circle  divided  by  f,  or ,  we  have  at  onoe,  by 

substituting  this  value  for  V  in  equation  (a) , 

This,  of  course,  is  merely  the  equivalent  of  equation  (a),  but  Is 
often  more  convenient. 

KEPLEirS   LAWS. 

412.  In  1607-1620  Kepler  discovered  as  facts,  without  an  expla- 
nation,  tbree  laws  which  govern  the  motions  of  the  planets,  —  laws 
which  still  bear  his  name.  He  worked  them  out  from  a  discussion 
of  tlie  observations  which  Tycho  Brahe  had  made  through  many 
preceding  yeare.     The  three  laws  are  as  follows :  — 

I.   TJte  orbit  of  each  planet  is  aji  ellipse^  with  the  sun  in  one  of  its  foci. 
II.   The  radius  vector  of  each  planet  describes  equal  areas  in  equal 
times. 
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III.  The  ''Harmonic  law,"  so-called.  The  squares  of  the  periods 
of  tlie  planets  are  proportional  to  the  cubes  of  their  mean  distances 
from  the  sun;  i.e.,  <i*  :  tf^afi  a,*. 

418.  To  make  sure  that  the  student  apprehends  the  meaning  and  scope 
of  this  third  law,  we  append  a  few  simple  examples  of  its  application. 

(1)  What  would  be  the  period  of  a  planet  having  a  mean  distance  from 
the  sun  of  100  astronomical  units ;  i.e.,  a  distance  100  times  that  of  the  earth  ? 

{Earth*s  Dist.)*:  (Planet's  Dist.y  =  {Earth* s  Periody :  (Planet's  Period)^  \ 
I.6.,  1« :  100«  =  V  (year) :  X*  (years ), 

whence  X  =  lOO'  =  1000  years. 

(2)  What  would  be  the  distance  of  a  planet  having  a  period  of  125  years? 

(l)2:12r)2=18:A'«. 
whence  X  -  125*  =  25  (Astron.  units). 

(3)  How  long  would  a  planet  require  to  fall  to  the  sun? 

If  the  sun  were  collected  in  a  single  point  at  its  centre,  a  body  starting 
from  a  point  on  the  planet's  orbit  with  a  slight  side-motion^  t.«.,  motion  at  right 
angles  to  the  radius  vector,  would  describe  an  extremely  narrow  ellipse 
around  the  sun,  with  its  perihelion  just  at  the  sun,  and  the  aphelion  at  the 
starting-point.  Practically  it  would  "/a//  to  the  sun,'*  and  return  just  as  if  it 
had  rebounded  from  a  perfectly  elastic  surface :  the  time  of  "  falling  "  would  be 
just  equal  to  that  of  returning  —  the  two  making  up  the  whole  period  of  the 
body  in  the  narrow  ellipse.  Now  the  semi-major  axis  of  this  narrow  ellipse 
is  evidently  one-half  the  radius  of  the  planet's  orbit.  Hence  to  find  the  period 
in  this  ellipse  which  is  2  r  (r  being  taken  as  the  time  of  ** falling"),  we  have 

a«:  ( lfi)«  =  r^ .  (2t)«,  or  1 : 1  =  t^Ar^; 

whence  t  =  /  V^'^  =  0.1700  /,  /  lieing  the  planet's  period. 

In  the  case  of  the  earth   r  =  365J  X  0.1769  =  64.56  days. 

(4)  What  would  be  the  period  of  a  satellite  revolving  close  to  the  earth's 
surface  ? 

(.\foon's  Dist. )« :  (Dist,  of  Satellite)*  =  (27.3  days)^  :  A'=», 
or  no«:l»:.  (27.3)^:  A'2, 

whence  X  =  ""'^  ^^^''^  ^  1^  24-. 

00^ 

(5)  How  much  would  an  increase  of  10  per  cent  in  the  earth's  distance 
from  the  sun  increase  the  length  of  the  year  ?  Axs.   56.13  days. 

(6)  What  is  the  distance  from  the  sun  of  an  asteroid  which  has  a  period 
of  3 J  years?  Ans.   2.305  Astron.  units. 
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414.  Many  surmises  were  made  as  to  the  physical  meaning  of 
these  laws.  More  than  one  astronomer  guessed  that  a  force  directed 
toward  the  sun,  or  emanating  from  it,  mi^t  be  the  explanation, 
Newton  proved  it.  He  demonstrated  the  law  of  equal  areas  and  its 
converse  as  necessary  consequences  of  the  laws  of  motion.  He  also 
proved  (Physics,  pp.  64-66)  that  if  a  body  move  in  an  ellipse  having 
a  centre  of  force  at  its  focus,  then  the  force  at  different  points  in  the 
orbit  must  vary  inversely  as  the  square  of  the  distance  from  that 
centre.  And,  finally,  he  showed  that,  granting  the  harmonic  law, 
the  force  from  planet  to  planet  must  also  vary  according  to  the  same 
law  of  inverse  squares. 

415.  The  demonstration  of  this  last  proposition  for  circular  orbits  is  so 
simple  that  we  give  it,  merely  adding  (without  proof)  that  the  proposition 
is  equally  true  for  elliptical  orbits,  if  for  r  we  put  a,  the  semi-major  axis  of 
the  orbit. 

In  a  circular  orbit,  from  equation  (6),  (Art.  411),  we  have 


^■"■(f-> 


where  r  and  t  are  the  distance  and  period  of  a  planet.    In  the  same  way  the 
force  acting  upon  a  second  planet  is  found  from  the  equation 

whence  4-  =  -  X  f  ^  |. 

But  by  Kepler's  third  law     t^:t^^::r^:  r,', 

whence  /,^  = l. 


r» 


Substitute  this  value  of  /,'  in  the  preceding  equation ;  we  have 

t.e.j  J  iJi  =  Tj  :  r*, 

which  is  the  law  of  inverse  squares. 

416.     Conversely,  the  harmonic  law  is  just  as  easily  shown  to  be  a 
necessary  consequence  of  the  law  of  gravitation  in  the  case  of  circular  orbits. 
From  Art.  411,  Eq.  (6),  we  have 
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also,  from  the  law  of  gravitation, 

f=-:y  M  being  the  mass  of  the  sun. 

Hence,  equating  the  two  values  of  /, 

i^-.4.^J,  and  .  =  i^K 


Similarly  for  another  planet, 


AVTience,  t^:ti^=r*:  Tj*. 

The  demonstration  for  elliptical  orbits  is  a  little  more  complicated, 
involving  the  "law  of  areas."  It  is  given  in  all  works  on  Theoretical 
Astronomy,  and  may  be  found  in  Loomis's  "  Elements  of  Astronomy,"  p.  134. 

417.  Correction  of  Kepler's  Third  Law.  —  The  "harmonic  law  ** 
as  it  stands  is  not  exactly  true,  though  the  difference  is  too  small  to  appear 
in  the  observations  which  Kepler  made  use  of  in  its  discovery.  It  would  be 
exactly  true  if  the  planets  were  mere  particles  of  matter ;  but  as  a  planet's 
mass  is  a  sensible,  though  a  very  small  fraction  of  the  sun's  mass,  it  comes 
into  account.  The  planet  Jupiter,  for  instance,  attracts  the  sun  as  well  as  is 
attracted  by  it.     If  at  the  distance  r  Jupiter  is  drawn  towards  the  sun  by  a 

force  which  would  give  it  in  a  second  an  acceleration  expressed  by  —  (the 

sun's  mass  being  Af ),  then  the  sun  in  the  same  time  is  accelerated  towards 
Jupiter  by  the  quantity  —  (m  being  the  mass  of  Jupiter).     The  rate  at  which 

the  two  tend  to  approach  each  other  is  therefore  expressed  by  — — —    Hence, 

in  discussing  the  motions  of  the  planet  Jupiter  around  the  centre  of  the  sun, 
instead  of  writing 

/=  ^  simply, 
r* 

we  must  put  /=  ^^i^  ; 

but  (in  the  case  of  circular  motion)  f— 

Hence,  we  find  t'^  (3/  -I-  m )  =  4  TrV ; 

or,  an  a  proportion,         ^^(3/+ w):/,*(A/+ w,)  =  r*:  r,' 
which  is  strictly  true  as  long  as  the  planet's  motions  are  undisturbed. 
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418.  Inferences  from  Kepler's  Laws.  —  From  Kepler's  laws  we 
jire  entitled  to  infer  — 

First  (from  the  second  law),  that  i]iQ  force  which  retains  the  planets 
in  their  orbits  is  directed  towarda  the  sun. 

Second  (from  the  first  law),  tliat  on  any  given  planet  the  ybrce 
trhich  acts  varies  inversely  as  the  square  of  its  distance  from  tJie 
sun. 

Third  (from  the  harmonic  law),  that  the  force  is  the  same  for  one 
l)lanet  as  it  would  be  for  another  in  the  same  place  ;  or,  in  other 
words,  the  attracting  force  depends  only  on  the  mass  a7id  distance  of 
the  bodies  concerned,  and  is  irholly  independent  of  their  physical  con^ 
ditions,  such  as  their  temperature,  chemical  constitution,  etc.  It 
makes  no  difference  in  the  motion  of  a  planet  around  the  sun  whether 
it  be  made  of  hydrogen  or  iron,  whether  it  be  hot  or  cold. 

419.  Verification  of  ^'  Gravitation  '*  by  Means  of  the  Moon's  Mo- 
tion. —  AVhen  the  idea  of  gravita- 
tion first  occurred  to  Newton  (the 
apple  story  is  probably  apocry- 
phal), he  endeavored  to  verify  it 
l»y  comparing  the  force  which  keeps 
the  moon  in  her  orbit  with  the  force 
of  gravity  at  the  earth's  surface, 
reduced  in  the  proper  pro[)ortion. 
For  lack,  however,  of  an  accurate 
knowledge  of  the  earth's  dimen- 
sions, he  failed  at  first,  there  being 
a  discrepancy  of  about  sixteen  per 
cent.  He  had  assumed  a  degree 
to  be  exactly  sixty  miles  in  length. 
Some  vears  afterward,  when  Pic- 
ard's  measure  of  the  arc  of  a  merid- 

ian in  Northern  France  had  been 
made  and  reported  to  the  Royal  Society,  making  a  degree  about 
sixty-nine  miles  long,  he  saw  at  once  that  the  new  value  would 
reconcile  the  discrepancy ;  and  he  resumed  his  unfinished  work  and 
completed  it. 


Verificiilion  of  the  Ilypullii'Diii  of  Gravitation 
by  Means  of  the  Motion  of  the  Moon. 


420.  At  the  earth's  surface  a  body  falls  about  1D3  inches  in  a 
second.  The  distance  of  the  moon  being  very  nearly  sixty  times  the 
earth's  radius,  if  gravity  really  varies  inversely  as  the  sijuare  of  the 
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distance,  a  stone  at  that  distance  from  the  earth  should  fall  — -  or 

as  far :   that  is,  it  ought  to  fall  =  0.0535  inches,  — 

3600  ^  3600 

a  little  more  than  one-twentieth  of  an  inch.     Now  the  distance  which 

the  moon  actually  does  fall  towards  the  earth  in  a  second,  i.e.,  the 

deflection  of  its  orbit  from  a  straight  line  in  a  second  of  time,  is  easily 

found ;  and  if  the  force  which  keeps  the  moon  in  its  orbit  is  reiill}'  the 

same  as  that  which  makes  bodies  fall  towards  tlie  centre  of  the  earth, 

this  deflection  ought  to  come  out  equal  to  0'.0535.     Let  AE  (Fig. 

138)  be  the  distance  the  moon  travels  in  a  second  =  — ,  where  r  is  the 

t 

radius  of  the  moon*s  orbit,  and  t  the  number  of  seconds  in  a  month. 
Then,  since  AEF  is  a  right-angled  triangle,  we  have, 

AB :  AE  ::AE:  AF  (or  2  r)  ; 

whence  AB  = 

2r 

The  calculation  is  easy  enough,  though  the  numbers  are  rather  large. 
As  a  result  it  gives  us  AB  =  0.0534  inches,  which  is  practically  equal 
to  the  thirty-six  hundredth  part  of  193  inches. 

If  the  quantities  did  not  agree  in  amount,  the  discrepancy  would 
disprove  the  theory,  and,  as  we  have  said,  Newton  loyally  gave  it  up 
until  he  was  able  to  show  that  the  apparent  discordance  was  the  result 
of  a  mistake  in  the  original  data,  and  disappeared  when  the  data  were 
corrected.  The  agreement,  however,  does  not  establish  the  theory, 
but  only  renders  it  probable.  It  does  not  establish  it  completely, 
because  it  is  conceivable  that  the  agreement  might  be  a  case  of  acci- 
dental coincidence,  while  the  forces  might  really  differ  as  much  in 
their  nature  as  an  electrical  attraction  and  a  magnetic. 

421.  Newton  was  not  satisfied  with  merely  showing  that  the  prin- 
cipal motions  of  the  planets  and  the  moon  could  be  explained  by  the 
law  of  gravitation  :  but  he  went  on  to  investigate  the  converse  prob- 
Icni,  and  to  determine  what  must  be  the  motions  necessary  under  that 
law.  lie  found  that  the  orbit  of  a  l>ody  moving  around  a  central  mass 
is  not  of  necessity  a  circle,  or  even  a  nearly  circular  ellipse  like  the 
planetarv  orbits.  ])nt  that  it  mav  be  a  cnttir  st^rtion  of  anv  eccentricitv 
whatever  —  a  cirele,  ellipse,  parabola,  or  even  an  iiyperlH)la ;  but  iV 
must  6c  a  conic. 
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422.    For  the  benefit  of  those  of  our  readers  who  are  not  acquainted 

with   conic   aectione  we  give  the  following    biief   account  of  them 

(Fig.  139)  :  - 

a.    If  a  cone  of  any  angle  be  cut  perpendicularlr/  to  the  axis,  the 

,  section  will  be  a  ci'rrfe — M2f  in  the 

ligure. 

b.  If  it  be  cut  by  a  plane  which 
makes  with  the  axis  an  angle  greater 
than  the  semi-angle  of  the  oooe,  m> 
that  the  plane  of  section  cuts  com- 
pleteltf  across  the  cone  (as  EF) ,  the 
section  is  an  ellipse;  the  circle  being 
merel;  a  special  case  of  the  ellipse. 
Ellipaes,  of  course,  diOer  greatly  in 
form,  from  those  which  are  very 
nttrrow  to  the  perfect  circle. 

c.  The  parabola  is  formed  by 
cutting  the  cone  with  a  p\&OBparalld 
to  itsside;  i.e.,  making  with  the  axis 
an  angle  equai  to  the  semi-angle  of 
the  cone.  RPO  is  such  a  plane.  As 
all  circles  are  alike  in  form,  so  are 
all  ])arabol&s,  whatever  the  angle 
of  the  cone  at  V  and  wherever  the 
point  P  is  taken.    If  the  cutUng 

A  n  plane    is    thus    situated,   then,   no 

matter  what  is  the  angle  of  the 
cone  or  the  place  where  the  cut  is 
made,  the  curve  will  always  be  the 
same  t>t  shape,  though  of  course  its 
na.138.— TbaConiu.  ^^  ^iH  depend  upon  a  varietj'  of 

circumstances.     AVe  do  not  stop  to 
{trove  the  statement,  at  firat  a  little  surprising ;  but  it  is  true. 

d.  If  the  cuttiug  plane  makes  an  angle  with  the  axis  of  the  cone 
less  than  the  semi-angle  at  V,  so  tliat  the  cutting  plane  get«  continually 
deeper  and  dee))cr  into  the  cone,  then  the  cui-ve  is  an  hyperbola;  so 
called,  l)ecause  the  plane  in  this  case  "shoots  over"  (vwip  paXXuv) 
and  intt^rsects  thn  "  eone  produced,"  cntting  out  of  this  second  cone 
a  cun-e  precisely  like  the  curve  cut  from  the  original,  as  at  ITO'K'  in 
the  figure.  The  axis  of  the  hyperbola  lies  outside  of  the  curve  itself, 
being  the  line  HIT  in  the  figure,  and  the  ^^centre"  of  the  cnrre  is 
also  ontsido  of  the  curve  nt  the  centre  of  tiiis  axis. 
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423.  Philosophically  speaking  there  are  therefore  but  two  species 
of  conic  sections,  —  the  ellipse  and  the  hyperbola,  with  the  parabola 
for  a  partition  between  them.  (The  circle,  as  has  been  said  before, 
is  merely  a  special  case  of  the  ellipse.)    Fig.  140  will  give  the  reader 


Fio.  140.  —  The  RelmtlOD  of  the  Conica  to  Each  Other. 


perhups  a  better  idea  of  the  nature  of  the  curves  as  drawn  on  a  plane, 
in  the  ellipse  the  sum  of  the  distances  from  the  two  foci,  FN+  F'N^ 
equals  the  major  axis  of  the  curve ;  in  the  hyperbola  it  is  the  differ- 
ence of  these  two  lines  (2^'J\^  —  FN')  that  equals  the  major  axis ; 
in  the  ellipse  the  eccentricity  is  less  than  unity  (zero  in  the  circle)  ;  in 
the  hyperbola  it  is  greater  than  unity;  in  the  parabola  exactly  unity. 

The  general  equation  of  a  conic  in  polar  co-ordinates,  applying  alike  to 
both  the  species,  is 

—R 


r=  — 

1  +  e  cos  V 

FC  FC^ 
in  which  r  is  the  distance  FN,  or  FN,  e  is  the  fraction  — —  or  — — ,  the  an- 
gle V  is  the  angle  PFn,  PFn\  or  PFn",  and  p  is  the  line  FY,  FY',  or  FY", 
called  the  "  semi-parameter."  The  word  "/wirameter  "  means  the  cro.H.<-measure 
of  a  curve,  just  as  "  diameter"  means  the  /A rowyA -measure  of  a  curve.  If  e 
is  zero,  the  curve  is  a  circle,  and  r=p.  If  «  <  1,  the  curve  is  an  ellipse  ;  if 
e  >  1,  the  curve  is  an  hyjierbola;  if  «=  1,  it  is  a  parabola. 
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424.  Problem   of  Two  Bodies.  —  This  problem,  proposed  and 

solved  by  Newton,  is  the  following :  — 

Given  the  masses  of  two  spheres  and  their  positions  and  motions  at 
any  moment;  given  ^  also^  the  law  of  gravitation :  required  their  motion 
ever  afterwards^  and  the  data  necessary  to  compute  their  pHace  at  any 
future  time. 

The  mathematical  methods  by  which  the  problem  is  solved  require 
the  use  of  the  calculus,  and  must  be  sought  in  works  on  analytical 
mechanics  or  theoretical  astronomy.  Some  of  the  results,  however, 
are  simple  and  easily  stated. 

425.  (1)  In  the  first  place  the  motion  of  the  centre  of  gravity  of 
the  two  bodies  will  not  be  affected  by  their  mutual  attraction,  but  it 
will  move  on  uniformly  through  space,  as  if  the  bodies  were  united 
into  one  at  that  point,  and  their  motions  combined  under  the  same 
laws  which  hold  good  in  the  case  of  tlie  collision  of  inelastic  bodies. 

The  motion  of  this  centre  of  gravity  is  most  easily  worked  out  graphically 
as  follows :  First,  in  Fig.  141,  join  the  original  places  of  the  bodies  A  and 
B  by  a  straight  line,  and  mark  on  it  G,  the  place  of  the  centre  of  gravity ; 
then  take  the  positions  A'  and  B'  they  would  occupy  at  the  end  of  a  unit 
of  time  (if  they  did  not  attract  each  other),  and  mark  the  new  position  of 
the  centre  of  gravity  G'  on  the  line  joining  them.    The  line  GG*  connecting 


Fio.  141.  —  Motion  of  Bodies  relative  to  their  Centre  of  Onvlty. 

the  two  positions  of  the  centre  of  gravity  will  show  tlie  direction  and  rapidity 
of  its  motion ;  with  reference  to  this  point  the  two  bodies  will  have  opposite 
motions  proj)ortional  to  their  distances  from  it ;  that  is,  they  will  swing 
around  this  point  as  if  on  a  rod  pivoted  there,  and  will  either  both  move 
towards  it  along  the  rod,  or  from  it,  with  speeds  inversely  proportional 
to  their  masses.  Tliese  relative  motions  tcith  respect  to  the  centre  of  gravity 
are  easily  found  by  drawing  through  G  a  line  parallel  to  A*B^,  and  meas- 
iirinc:  off  on  it  distances  GA*'  and  G7?"  respectively  equal  to  G*A'  and  G'R. 
A  A  "  and  BB"  will  then  be  the  two  motions  of  A  and  B  relative  to  their  centre 
of  gravity  G. 
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426.  The  Effect  of  fheir  Mutual  Attraction. —This  will  cause 
them  to  describe  similar  conies  around  this  centre  of  gravity ;  the 
size  of  their  two  orbits  being  inversely  proportional  to  their  masses. 
The  form  of  the  orbits  and  dimensions  will  be  determined  by  the 
combined  mass  of  the  two  bodies,  and  by  their  velocities  with  respect 
to  the  common  centre  of  gravity. 

427.  The  Orbit  of  the  Smaller  relative  to  the  Centre  of  the  Larger. 

—  It  is  convenient  (though  it  is  not  necessary)  to  drop  the  consid- 
eration of  the  centre  of  gravity  of  the  two  bodies,  and  to  consider 
the  motion  of  the  smaller  one  around  the  centre  of  the  larger  one. 
In  reference  to  that  point,  it  will  move  precisely  as  if  its  mass  had 
been  added  to  that  of  the  larger  body,  while  itself  had  become  a  mere 
particle.  This  relative  orbit  will  in  all  respects  be  like  the  actual  one 
around  the  centre  of  gravity,  only  magnified  in  the  proportion  of 
3f  +  m  to  M ;  i.e.,  if  m  is  ^^  of  3f,  the  actual  orbit  around  G  will 
be  magnified  by  j-^  to  produce  the  relative  orbit  around  3f. 

428.  The  Orbit  determined  by  Projection.  —  Suppose  that  in  the 
figure  (Fig.  142)  the  body  P  is  moving  in  the  direction  of  the  arrow, 


Fie.  142.  —  Elliptical  Orbit  determined  by  Projection. 

and  is  attracted  by  S^  supposed  to  be  at  rest.  P  will  thenceforward 
move  in  a  conic,  either  in  an  ellipse  or  hyperbola,  according  to 
its  velocity,  as  we  shall  see  in  a  moment.  S  being  at  one  focus  ol 
the  curve,  the  other  focus  will  be  somewhere  on  the  line  /W,  which 
makes  the  same  angle  with  PQ  that  r  {SP)  does  (since  it  is  a  prop- 
erty of  the  conies  that  a  tangent-line  at  any  point  of  the  curve  makes 
equal  angles  with  the  lines  drawn  from  the  two  foci  to  that  point). 
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If  we  can  Hud  the  place  of  the  second  focus  F^  or  the  length  of  tbe 
line  PF  in  the  figure,  the  curve  can  at  once  be  drawn. 

Now,  it  can  be  proved,  though  the  demonstration  lies  beyond  our 
scope,  that  a,  the  semi-major  axis  of  the  conic,  is  determined  hy 
the  equation 

V'  =  fi.C^-'  "^ ,  (Equation  1 ) 

in  which  r  is  the  distance  6*/^  V  is  tlie  velocity,  and  ft  is  the  attracting 
mass  at  aS*  expressed  in  proper  units. 

(See  Watson's  "Theoretical  ^Vstronoiiiy,"  p.  49  ;  only  for  **  lie  writes  k^{l  +  m)). 

F,  r,  and  u.  being  given,  of  course  a  can  be  found :  we  get 

^  =  ^  3 — ^~1F''  (Equation  2) 

2/1  — rV' 

Then  by  subtracting  )*  from  2  a  we  shall  get  r',  or  the  distance  PFj 
if  the  curve  is  an  ellipse.  If  it  is  a  hyperbola,  a  will  come  out  n^a- 
tive ;  and  to  find  a'  we  must  take  r'  =  2a  +  r  and  measure  it  oflP  to 
i^,  on  the  other  side  of  the  line  of  motion.  In  either  case,  however, 
we  easily  find  the  other  focus,  and  the  line  drawn  through  the  foci 
will  bo  the  line  of  apsides ;  a  point  half-way  between  the  foci  will  be 
the  centre  of  the  curve,  and  any  line  drawn  through  this  centre  will  be 
a  diameter.  Having  the  two  foci  and  the  major  axis  2  a,  t.e.,  AA\ 
the  curve  can  at  once  be  drawn. 

429.  Expression  for  a  in  Terms  of  the  <*  Velocity  from  Infinity,"  or 
"Parabolic  Velocity."  —  Tho  expression  for  a  admits  of  a  more  con- 
venient and  verv  intcrestiuiir  form.  It  is  shown  in  aualvtical  median- 
ies  that  if,  under  the  law  of  gravitation,  a  particle  falls  towards  an 
attracting  body  whose  mass  is  /i,  from  one  distance  s  to  another  dis- 
tance r,  its  velocity  is  given  by  the  simple  equation 

v-  =2fif^  ^  ly  (Equation  3) 


*  If  till*  (lilTeri'iKH*  betwoon  s  and  r  is  cullod  A,  this  equation  becomes 
Now  if  /<  is  very  small  as  compared  with  r,  this  gives 


H^} 


which  is  tho  same  as  the  usual  expression  for  tho  velocity  of  a  falling  body  at  the 
earth's  surface,  viz.,  I*-  —  2 7/1,  2*/  being  replaced  by  the  fraction  ^• 
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If  in  this  equation  8  be  made  infinite,  w  does  not  also  become 
infinite  (that  is,  a  body  falling  from  an  infinite  distance  towards  the 
sun  will  not  acquire  an  infinite  velocity  until  it  actually  reaches  the 
centre  of  the  sun,  and  r  becomes  zero) ;  but  we  get  in  this  case 

r 

This  special  value  of  w  is  usually  called  '^  the  velocity  from  infinity 
for  the  distance  r,"  or  the  ^^ parabolic  velocity^'  (for  a  reason  which 
will  appear  very  soon) .    U  is  generally  used  as  its  symbol ;  therefore 

IP  =  —^ ;  whence  ft  =  —^  •  (Equation  4) 

r  2 

•  Substituting  this  value  of  fi  in  equation  2,  we  get 

""  "  2  {u^T")'  (Equation  5) 

430.  Relation  between  the  Telocity  and  the  Species  of  Conic 
described. — From  equation  5  it  is  obvious  how  the  velocity  determines 
whether  the  orbit  will  be  an  ellipse  or  a  hyperbola.  If  V*  is  less  than 
IP  J  the  denominator  of  the  fraction  will  be  positive,  a  will  also  be 
positive,  and  the  curve  will  be  an  ellipse;  i.e.,  if  the  velocity  of  the 
body  P,  at  the  distance  r  from  the  central  body  S^  be  less  than  the 
velocity  acquired  by  the  body  falling  from  infinity  to  that  point, 
the  body  will  move  around  S  permanently  in  an  ellipse. 

If,  on  the  other  hand,  V^  is  greater  than  C/*,  the  denominator  will 
become  negative,  a  will  also  come  out  negative,  and  the  orbit  will  be 
a  hyperbola.  In  this  case  P,  after  once  moving  past  S  at  the  peri- 
helion point,  will  go  off  never  to  return  ;  and  it  will  recede  towards  a 
different  region  of  space  from  that  out  of  which  it  came,  because 
the  two  legs  of  the  hyperbola  never  become  parallel.  There  will  in 
this  case  be  no  permanent  connection  between  the  two  bodies.  They 
simply  pass  each  other  with  a  little  graceful  recognition  of  each  other's 
presence  by  a  curvature  in  their  paths,  and  then  part  company  forever. 

If  F*  exactl}*  equals  C7^,  the  denominator  of  the  fraction  becomes 
zero,  o  comes  out  infinite,  and  the  curve  is  ^parabola.  In  this  cas««, 
also,  the  body  will  never  return  ;  but  it  will  recede  from  the  sun  ulti- 
mately towards  the  same  point  on  the  celestial  sphere  as  that  from 
which  it  appeared  to  come,  since  the  two  legs  of  the  parabola  tend  to 
parallelism.  Obviously,  if  a  body  were  thus  moving  in  a  parabola, 
the  slightest  increase  of  its  velocity  would  ti'ansform  the  orbit  into  an 
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hyperbola,  aati  the  least  diminvtion  into  an  ellipse;  the  bearing  of 
which  remark  will  become  evident  when  we  come  to  deal  with  o 


431.    Again,  since 


«=K^^' 


all  bodies  having  the  same  velocity  V,  at  the  same  distance  r  from  the 
centre  of  force,  wiil  have  major  axes  of  the  same  length  for  their  orbits, 
no  matter  what  may  be  the  direction  of  their  motion. 

They  will  have  the  same  period  also,  the  expression  for  the  period  being 
t  =  — ^'    -.  (Watson,  p.  36,  Equation  28.) 


Ti».  lU.  -  I.\mfiH'>l  Cnnlm  dPMrlbrd  un<I<r  IMdrnot  VeJouJtk'o  o[  rrolneUoD. 

If,  therefore,  a  body  moving  around  the  sun  were  to  explode  at  any 
point,  all  of  its  particles  which  did  not  receive  a  velocity  gi-eater  than 
the  ' '  parabolic  velocity  "  would  come  around  to  the  same  point  again, 
and  those  which  were  projected  with  equal  velocitieB  would  come 
around  and  meet  at  the  same  moment,  however  widely  different  their 
paths  might  be. 
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432.  Fig.  143  represents  the  orbits  which  would  be  described  by  five 
bodies  projected  at  0  with  different  velocities  along  the  line  OV,  the  distance 
OS  or  r  being  taken  as  unity,  as  well  as  the  parabolic  velocity  U^.  The 
squares  of  the  velocities  are  assumed  as  given  below,  with  the  resulting 
values  of  a  and  r'. 

r,^=  J;  whence  a,  =  J;  and  r,'=  J. 

'V\\\A  places  the  empty  focus  at  Fp 
For  the  next  larger  ellipse 

F,2=i;  a,=  l;  r/ =  1. 

lu  the  same  way       V^=  \\  ^s  =  2 ;  r^'  =  3. 

V^=\\  rt,  =  GO  ;  r/  =  Qo  .     (Parabola.) 

Fj*  =  2 ;  a^  =  -  J ;  r^'  =  -  2.     (Hyperbola.) 

433.  Fig.  144  shows  how  three  bodies  projected  at  P  with  eqtud  velocitie$, 
hut  in  different  directions,  indicated  by  the  arrows,  describe  three  different 


Fig.  U4.  —  EllipM*  of  the  Same  Periodic  Time. 

ellipses;  all,  however,  having  the  same  period,  and  the  same  length  of  semi- 
major  axis ;  namely,  a  =  2  r ;   V^  being  taken  equal  to  }  6^*. 

For  a  fourth  bodv,  F*  is  taken  as  =  i  f/*,  and  with  the  direction  of  motion 
perpendicular  to  r.     This  body  will  move  in  a  perfect  circle,  a  coming  out 
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pcjiial  to  r,  when  F*  =  J  U\  In  order  to  have  ciVcu/ar  motion,  both  conditions 
must  be  fulfilled;  namely,  F*  must  equal  \U\  and  the  direction  of  motion 
must  be  perpendicular  to  the  radius  vector. 


434.    Velocity  of  a  Planet  at  Any  Point  in  its  Orbit.  —If  AA' 

(Fig.  145)  be  the  major  axis 
of  a  planet's  orbit,  and  KK' 
the  diameter  of  a  circle  de- 
scribed around  iS  with  AA'  9a 
radius,  then  the  velocity  of  a 
planet  at  any  point,  N,  on  its 
orbit  is  equal  to  that  which  it 
would  have  acquired  by  falling 
to  N  from  the  point  n  on  the 
circumference  of  the  circle. 
The  demonstration  is  not  dif- 
ficult and  may  be  found  in 
Xo.  1426  of  the  *<A8tronom- 
ische  Nachrichten." 

Fi(i.  140.  -  Van  di-r  Koik'»  Tbcori-m.  436.    Projectlles  near  the 

Earth.  —  A  good  illustration 
of  the  principles  stated  above  is  obtained  l)y  considering  the  motion  of 
bodies  projected  horizontally  from  the  top  of  a  tower  near  the  earth's  surface, 
supposing  the  air  to  l>e  removed  so  there  will  be  no  resistance  to  the  motion. 
The  "parabolic  velocity"  due  to  the  earth's  attraction  at  its  surface  equals 
0.04  miles  per  second  at  the  earth's 
surface;  /.e.,  a  body  falling  from 
the  stars  to  the  surface  of  the 
earth,  drawn  by  the  carth\s  nttrao 
tion  onhjy  would  hiive  ao(iiiired  this 
vel(»city  on  reaching  the  earth's 
surface. 

First.  If  a  body  l>e  projected  with 
a  verv  snjall  velocitv,  it  would  fall 
nearlv  straidit  downwards.  If  the 
earth  were  concentrated  at  the  ]>oint 
in  its  (•♦•ntre  so  that  the  body  should 

ft' 

not  strike  its  surface,  it  would  move 
in  a  very  long  narrow  ellipse  having 
thf  centre  of  the  earth  at  the  further 
foous,  and  would  return  to  the  original  point  after  an  interval  of  20.9  minutes. 

Socond.   With  a  larger  velocity  the  orl)it  would  Ihj  a  wider  ellipse  with  a 
loniror  period.  C  lu'ing  still  at  the  remoter  focus. 

Third.    r=  t/V^,  or  about  4.9  miles  per  second.    In  this  case  the  orbit  of 


/ 


Fio.  140.  —  Prujcctilos  Dear  the  I^urth. 
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the  body  would  be  a  perfect  circle^  and  the  period  would  be  1  h.  24.7  m.  It 
will  be  remembered  that  we  found  that  if  the  earth's  rotation  were  17  times 
as  rapid,  thus  completing  a  revolution  in  1*  24*.7,  the  centrifugal  force 
at  the  equator  would  become  equal  to  gravity  (Art.  154).  Also,  Art.  413  (4), 
this  same  time,  1^  24*.7,  was  found  from  Kepler's  third  law  as  the  period  of 
a  satellite  revolving  close  to  the  earth's  surface. 

Fourth.  V=  U  =  6.04  miles.  In  this  case  the  projectile  would  go  off  in 
A  parabola,  never  to  return. 

Fifth.  F'>6.94.  In  this  case,  also,  the  body  would  never  return,  but 
would  pass  off  in  a  hyperbola. 

436.  Intensity  of  Solar  Attraction.  —  The  attraction  between 
the  sun  and  the  earth  from  some  points  of  view  looks  like  a  very 
feeble  action.  It  is  only  able,  as  has  been  before  stated  (Art.  278), 
to  bend  the  earth  out  of  a  rectilinear  course  to  the  extent  of  about 
one-ninth  of  an  inch  in  a  second,  while  she  is  travelling  nearly 
nineteen  miles ;  and  yet  if  it  were  attempted  to  replace  by  bonds 
of  steel  the  invisible  gravitation  which  holds  the  earth  to  the  sun, 
we  should  fiDd  the  surprising  result  that  it  would  be  necessary  to 
cover  the  whole  surface  of  the  earth  with  wires  as  large  as  telegraph 
wires,  and  only  about  half  an  inch  apart  from  each  other,  in  order 
to  get  a  metallic  connection  that  could  stand  the  strain.  This  liga- 
ment of  wires  would  be  stretched  almost  to  the  breaking  point.  The 
attraction  of  the  sun  for  the  earth  expressed  as  tons  of  force  (not 
tons  of  inass^  of  course)  is  3,600,000  millions  of  millions  of  tons 
(36  with  seventeen  ciphers)  ;  and  similar  stresses  act  through  the 
apparently  empty  space  in  all  directions  between  all  the  different 
pairs  of  bodies  in  the  universe. 
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CHAPTER  XII. 

THE     PROBLEM     OF     THREE     BODIES.  —  DISTURBING     FORCES : 
LUNAR   PERTURBATIONS   AND  THE  TIDES. 

437.  The  problem  of  tico  bodies  is  completely  solved;  but  if, 
instead  of  two  spheres  attracting  each  other,  we  have  three  or  more, 
given  completely  in  respect  to  their  positions,  masses,  and  velocities, 
the  general  problem  of  finding  their  subsequent  motions  and  predict- 
ing their  positions  at  any  future  date  ti'ansceuds  the  present  power  of 
our  mathematics. 

This  problem  of  three  bodies  is  in  itself  just  as  determinate  and 
capable  of  solution  as  tliat  of  two.  Given  the  initial  data, — that 
is,  the  2}ositionSj  masses,  and  motions  of  the  three  bodies  at  a  given 
instant,  —  then  their  motions  for  all  the  future,  and  the  posi- 
tions they  will  occupy  at  any  given  date,  are  absolutely  predeter- 
mined. The  difficulty  of  the  problem  lies  simply  in  the  inadequacy 
of  our  present  mathematical  methods,  and  it  is  altogether  probable 
that  some  time  in  the  future  this  difficulty  will  be  overcome  —  very 
possibly  by  the  invention  of  new  functions  and  numerical  tables 
which  shall  bear  some  such  relation  to  our  present  tables  of  loga- 
rithms, sines,  etc.  as  these  do  to  the  old  multiplication  table  of 
Pvthagoras. 

438.  Hut  while  the  (jeneral  problem  of  three  bodies  is  thus  intract- 
able, all  the  special  cases  of  it  which  arise  in  the  consideration  of 
the  moon's  motion  and  in  the  motions  of  the  planets  have  been  solved 
by  special  methoils  of  approximation.  Newton  iiimself  led  the  way ; 
and  the  strongest  proof  of  the  truth  of  his  theory  of  gravitation  lies 
in  the  fact  that  it  not  only  accounts  for  the  regniar  elliptic  motions  of 
the  heavenly  Ixwlies,  but  also  for  the  apparent  irregularities  of  these 
motions. 

439.  The  Disturbing  Force.  —  In  the  case  where  two  bodies  are 
revolving  around  their  common  centre  of  gravity,  and  the  third  body 
is  either  very  much  smaller  than  the  central  one,  or  very  remote^  the 
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motion  of  the  two  will  be  but  slightly  modified  by  the  action  of  the 
third ;  and  in  such  a  ease  the  small  differences  between  the  actual 
motion  and  the  motion  as  it  would  be  if  the  third  body  were  not 
present,  are  technically  called  "  disturbances  "  and  "  perturbations,"  * 
and  the  force  which  produces  them  is  called  the  "  disturbing  force." 
This  disturbing  force  is  not  the  attraction  of  the  disturbing  body,  but 
only  a  component  of  that  attraction,  and  usually  only  a  small  fraction 
of  it. 

The  disturbing  force  of  the  aUracting  body  depends  upon  tlie  differ- 
ence  of  its  aMra^ion  upon  the  two  bodies  it  disturbs;  difference  either 
in  amount  or  in  direction^  or  in  both.  For  instance,  if  the  sun 
attracted  the  earth  and  moon  exactly  alike  (i.e.,  equally  and  along 
parallel  lines) ,  it  would  not  disturb  their  relative  motions  in  the  least, 
no  matter  how  powerful  its  attraction  might  be.  The  sun's  maxi- 
mum disturbing  force  on  the  moon,  as  we  shall  see,  is  only  about  one 
eighty-ninth  of  the  earth's  attraction  ;  and  yet  the  sun's  attraction  for 
the  moon  is  actually  much  greater  than  that  of  the  earth. 

Since  the  sun's  mass  is  330,000  times  that  of  the  earth,  and  its  distance 
just  about  389  times  that  of  the  moon  from  the  earth,  its  attraction  on  the 

moon  equals  the  earth's  attraction  x  ^—-^ =  2.18j  i.e.,  the  8un*8  attraction 

on  the  moon  ut  more  than  double  that  of  the  earth. 

440.    Why  the  Sun  does  not  take  the  Moon  away  from  the  Earth. 

—  If  at  the  time  of  new  moon,  when  the  moon  is  between  the  earth 
and  sun,  the  sun  attracts  the  moon  more  than  twice  as  much  as  the 
earth  does,  it  is  a  natural  question  why  the  sun  does  not  draw  the 
moon  away  entirely,  and  rob  us  of  our  satellite.  It  would  do  so  if 
it  were  the  case  of  a  '*  tug  of  war"  ;  that  is,  if  earth  and  sun  were 
fixed  in  space,  pulling  opposite  wavs  upon  the  moon  between  them. 
But  it  is  not  so ;  neither  sun  nor  earth  has  any  foothold,  so  to  speak ; 
but  all  three  bodies  are  free  to  move,  like  chips  floating  on  water. 
The  sun  attracts  the  earth  almost  as  much  as  he  does  the  moon,  and 
both  earth  and  moon  fall  towards  him  freely ;  though  of  course  this 


1  The  student  will  bear  in  mind  tliat  these  terms  (**  perturbations  "  and  "  dis- 
turbances ")  are  mere  figures  of  speech ;  that  philosophically  the  purely  ellipti- 
cal motion  of  two  mutually  attracting  bodies  alone  in  space  is  no  more  "  regular  '* 
than  the  (at  present)  incomputable  motion  of  three  or  more  attracting  l)odiei*. 
We  have  in  mind  a  theologian  of  some  note  who  once  maintained  that  the  **  per- 
turbations "  in  the  solar  system  are  a  consequence  of  Adam's  fall.  Hence  the 
c'aution. 
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falling  motion  towards  the  sun  is  continually  combined  with  whatever 
other  motion  the  earth  or  moon  possesses.  The  only  effective  die- 
turbance  is  produced  by  the  fact  that,  in  the  case  considered,  the  new 
moon^  being  nearer  the  stcn  than  the  earth  is  by  about  j^  pai't  of  the 
whole  distance,  falls  towards  the  sun  a  trifle  faster  than  the  earth, 
and  so  on  that  account  the  curvature  of  its  orbit  toward  the  earth  is, 
for  the  time  being,  diminished. 

At  the  half-moon  the  two  bodies  are  equally  attracted  towaixls  the 
sun,  but  on  converging  lines  ;  and  so  as  they  fall  towai'ds  the  sun 
they  approach  each  other  slightly  ;  and  for  this  reason,  at  quadrature, 
the  moou's  orbit  is  a  little  more  curved  towards  the  earth  than  it 
would  be  otherwise. 

Ml.  Diagram  of  the  Disturbing  Force.  —  A  very  simple  diagram 
enables  us  to  find  graphically  the  disturbing  force  produced  by  a 
third  body. 

(What  follows  applies  verbatim  et  literatim  to  either  of  the  two  diagrams 
of  Fig.  147.) 

M  («) 


L  f 


Fio.  147.  —  Determination  of  the  Disturbing  Force  by  Gnphical  Cknifltnietion. 

Let  E  be  the  earth,  M  the  moon,  and  S  the  disturbing  body  (the 
sun  in  this  case)  ;  and  let  the  sun's  attraction  on  the  moon  be  repre- 
sented by  the  line  MS,  On  the  same  scale  the  attraction  of  the  sun 
on  the  earth  will  be  represented  by  the  line  EG^  G  being  a  point  so 
taken  that  EG  :  MS  =  MS^ :  ES^ ;  that  is,  — 


Thf  suns  attraction  on  the  earth  is  to  the  suns  attraction  on  the  moon  as  the 
square  of  the  sun*s  dittance  from  the  moon  is  to  the  square  of  the  sun*8  distance 
from  the  earth,  which  is  simply  the  law  of  jcravitation.  {MS  has  to  do  double 
duty  in  tliis  proportion  :  in  the  first  ratio  it  r(»pre»ents  a  force ;  in  the  second, 
a  distance.) 

From  this  proiwrtion  EG  =  MS  X  ~|j^ 
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In  figure  (a)  the  moon  is  nearer  to  the  sun  than  the  earth  is,  and  so  EG 
comes  out  less  than  MS.  In  figure  (6)  the  reverse  is  the  case,  and  therefore 
in  this  case  EG  is  larger  than  MS, 

Now  if  the  force  represented  by  the  line  MS  were  parallel  and  equal 
to  that  represented  by  EG,  there  would  be  no  disturbance,  as  has  been 
said.  If,  then,  we  can  resolve  the  force  MS  into  two  components, 
one  of  which  is  equal  and  parallel  to  EG,  this  comi>onent  will  be  in- 
nocent and  haimless,  and  the  other  one  will  wake  all  the  disturbance. 

To  effect  this  resolution,  draw  through  3f  the  line  MK  parallel 
and  equal  to  EG.  Join  KS,  and  draw  ML  parallel  and  equal  to  it. 
ML  is  then  the  disturbing  force  on  the  same  scale  as  MS ;  i.e.,  the  line 
ML  shows  the  true  direction  of  the  disturbing  force,  and  in  amount 
the  disturbing  force  is  equal  to  the  sun*s  attraction  for  the  moon  mul' 

tiplied   by  the  fraction  ( — -  ]•     The  diagonal  of  the  parallelogram 

\MSJ 

MLSK  is  MS,  which  represents  the  resultant  of  the  two  forces  MK 
and  ML,  that  form  its  sides. 

For  the  sake  of  clearness  the  lines  which  represent  forces  in  the  figures 
are  indicated  by  herring-bone  markings. 

442.  At  first  it  seems  a  little  strange  that  in  figure  (6)  the  dis- 
turbing force  should  be  directed  away  from  the  sun;  but  a  little 
reflection  justifies  the  result.  If  E  and  M  were  connected  by  a  rod, 
and  the  E-end  of  the  rod  were  pulleii  towards  the  right  more  swiftly 
than  the  M-end,  it  is  eaay  to  see  that  the  latter  would  be  relatively 
thrown  to  the  left,  as  the  figure  shows. 

443.  The  sun  is  the  only  body  that  sensibly  disturbs  the  moon. 
The  planets,  of  course,  act  upon  the  moon  to  disturb  it,  but  their 
mass  is  so  small  compared  with  that  of  the  sun,  and  their  distances 
so  great,  that  in  no  case  is  their  direct  action  sensible.  It  is  true, 
however,  that  some  of  the  lunar  perturbations  are  affected  by  the 
existence  of  one  or  two  of  the  planets.  While  they  cannot  disturb 
the  moon  directly,  tliey  do  so  indirectly:  they  disturb  the  earth  in 
her  orbit  sufficiently  to  make  the  sun's  action  different  from  what  it 
would  be  if  the  planets  did  not  exist.  In  this  way  the  planets 
Venus,  Mars,  and  Jupiter  make  themselves  felt  in  the  lunar  theory. 
There  are  also  a  few  small  disturbances  that  depend  upon  the  fact 
that  the  earth  is  not  a  perfect  sphere. 

444.  Since  the  distance  of  the  sun  is  nearly  400  times  that  of  the 
moon  from  tlie  earth,  the  construction  of  the  disturbing  force  3fi, 
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Fig.  HT,  admits  of  considerable  simplification.  It  is  only  n 
to  drop  the  perpendicular  MP  upon  the  line  ttiat  joins  the  earth  and 
the  suu.  and  take  the  point  L  npon  this  line,  so  that  EL  eqaals  three 
timet  EP.  The  line  ML  no  determined  will  then  ver?  approxtmalelif 
(but  not  exactly)  be  the  true  disturbing  fonse. 

To  prove  this  relation,  let  MS,  in  Fig.  1-17,  be  D,  ES=  R,  ME=r,  and 
EP  —  p,  also  R-D  +  p,  very  ntnrli/,  p  being  ntgalive  when  MS  >  ES.  EG 
was  taken  equal  to  MS  x  -=—  =  — 

Now,  EL^GS-iES-EG)-R--  =  —-  =  ^-^^^-^. 
Devclo]>ing  this  expression,  we  hnve 

Ifi  +  'iDp+p' 

Since  p  is  very  small  as  compared  with  D,  all  the  terms  except  the  fint 
nearly  vanish  both  in  numerator  and  denominator,  and  we  have 
ZD'p 


EL  =  '—-£  =  %p  (very  nearly). 


445.  Setolntion  of  the  SUtorbing  Force  into  Componnito. —  Id 
discubsing  the  effect  of  the  disturbing  force  it  is  more  convenient  to 
resolve  it  into  three  components  known  as  the  radial,  the  tangential, 
and  the  orthogonal.    The  first  of  these  acts  in  the  dt'recfton  of  the 


Ro.  lU.  — RwllaliiidTsDgcntUICoinpoDcnUDi  UieDIitDrblDg  Force. 

radius  vivtor,  tending  to  draw  tlie  moon  either  towards  or  from  the 
earth.  The  second,  ttie  tangential,  operates  to  accelerate  or  retard 
the  vwon's  orbital  iWoctVy. 

Fig.  lis  exhibits  these  two  components  at  different  pointa  of  the  moou's 
orbiL 
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The  orthogonal  component  has  no  existence  in  cases  where  the 
disturbing  body  lies  in  the  plane  of  the  disturbed  orbit ;  but  when- 
ever it  lies  outside  of  that  plane,  the  disturbing  force  ML  will  gen- 
erally also  lie  outside  of  the  orbit-plane,  and  will  have  a  component 
tending  to  draw  the  moving  body  out  of  the  plane  of  its  orbit.  The 
motion  of  the  moon's  node  and  the  changes  of  the  inclination  of  its 
orbit  are  due  to  this  component  of  the  sun's  disturbing  force,  which 
could  not  be  conveniently  represented  in  the  figure. 

446.  The  radial  force  in  the  case  of  the  moon's  orbit  is  a  maxi- 
mum at  syzygies  and  quadratures ;  in  fact,  at  quadratures  the  whole 
disturbing  force  is  radial,  the  tangential  and  orthogonal  components 
both  vanishing.  At  syzygies  (new  moon  and  full  moon)  the  radial 
force  is  negative;  that  is,  it  draws  the  moon  from  the  earth,  dimin- 
ishing the  earth's  attraction  by  about  one  eighty-ninth  ^  of  its  whole 
amount. 

At  quadrature  or  half-moon  the  radial  force  \8  positive;  and  since 
L  then  falls  at  E^  it  is  represented  by  the  line  QE^  and  is  just  half 
what  it  is  at  syzygies ;  that  is,  it  equals  about  one  one  hundred  and 
seventy-eighth  of  the  earth's  attraction. 

It  becomes  zero  at  four  points  54^  44'  on  each  side  of  the  line  of 
syzygies. 

This  angle  is  found  from  the  condition  that  the  disturbing  force      ^   ^ 

AIL 

etc.,  in  Fig.  148,  must  be  perpendicular  to  the  radius  EM^  at  this  point, 
which  gives  us  £'P,  :  P,A/i  ::  P|M,  :  P^L^.     But  P^L^  =  2EPl\  therefore 

P, Af,«  =  2  EPi«,  and  ~|i  =  tan  M.EL^  =  V2. 

EPi 

447.  The  tangential  component  starts  at  zero  at  the  time  of  full 
moon,  rises  to  a  maximum  at  the  critical  angle  of  54°  44'  (having  at 
that  point  a  value  of  ^hi  ^^  ^^^  earth's  attraction),  and  disappears 
again  at  quadratures.  During  the  first  and  third  quadrants  this 
force  is  negative;  that  is,  it  retards  the  moon's  motion  ;  in  the  second 
and  fourth  it  \&  positive  and  accelerates  the  motion. 


1  At  syzygies  ML  =  NLq  =  2  x  EN  (Fig.  147)  ;  but  EN='^.      Therefore 

2 
lifL  •=  —  of  the  sun's  attraction  on  the  moon.     Now  the  sun's  attraction  is  2.18 
389 

2  X  ^  18        1 
times  the  earth's;  hence  NLq=  the  earth's  attraction  multiplied  by  ^ —  = . 

®  *^  "^      389         89^ 
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448.  Lunar  PertorbatioiLi.  —  So  far  it  has  been  all  plain  sailing, 
for  nothing  beyond  elementary  mathematics  is  required  in  determin- 
ing the  disturbing  force  at  any  \you\i  in  the  moon's  orbit;  but  to 
determine  what  will  be  the  effect  of  this  continuaUy  varying  force  after 
the  lapse  of  a  given  time^  upon  the  moon^s  place  in  the  sky  is  a  problem 
of  a  very  different  order,  and  far  beyond  our  scope.  The  reader  who 
wishes  to  follow  up  this  subject  must  take  up  the  more  extended 
works  upon  theoretical  astronomy  and  the  lunar  theory.  A  few 
points,  however,  may  be  noted  here. 

449.  In  the  first  place,  it  is  found  most  convenient  to  consider 
the  moon  as  never  deviating  from  an  elliptical  orbit,  but  to  consider 
the  orbit  itself  as  continually  cluinging  in  place  and  /orwi,  writhing  and 
squirming,  so  to  speak,  under  the  disturbing  forces ;  just  as  if  the 
orbit  were  a  material  hoop  with  the  moon  strung  u|K>n  it  like  a  bead 
and  unable  to  get  away  from  it,  although  she  can  be  set  forward  and 
backward  in  her  motion  upon  it. 

450.  In  the  next  place,  it  is  found  possible  to  represent  nearly  all 
the  perturbations  by  2>€>'iodical  foi-mulce  —  the  same  values  recurring 
over  and  over  again  indefinitely  at  regular  intervals.  This  is  because 
the  sun,  moon,  and  earth  keep  coming  back  into  the  same,  or  nearly 
the  same,  relative  positions,  and  this  leads  to  recurring  values  of  the 
disturbing  force  itself,  and  also  of  its  effects. 

451.  Third,  the  number  of  these  separate  perturbations  which 
have  to  be  taken  account  of  is  very  large.  In  the  computation  of 
the  moon's  longitude  in  the  American  Kphemeris  about  seventy  dif- 
ferent inequalities  are  reckoned  in,  and  about  half  as  many  in  the 
computation  for  the  latitude.  Theoretically  the  number  is  infinite, 
but  only  a  certain  number  produce  effects  sensible  to  observation. 
It  is  of  no  use  to  compute  disturbances  that  do  not  displace  the  moon 
as  much  as  one-tenth  of  a  second  of  ai'c  ;  /.f.,  about  500  feet  in  her 
orbit. 

452.  Fourth,  in  spite  of  all  that  has  been  done,  the  lunar  theory 
is  still  incomplete,  or  in  some  way  slightly  erroneous.  The  best 
tables  yet  made  begin  to  give  inaccurate  results  after  fifteen  or 
twenty  years,  and  require  correction.  The  almanac  place  of  the 
moon  at  present  is  not  unfrequently  **  out"  as  much  as  8"  or  4"  of 
arc ;  i.e.,  about  three  or  four  miles.     Astronomers  are  continaally  ttt 
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work  on  the  subject,  but  the  computations  by  our  present  methods 
are  exceedingly  tedious  aud  liable  to  numerical  error. 

453.  The  principal  eflfects  of  the  sun's  disturbing  action  on  the 
moon  are  the  following :  — 

First :  Effect  on  Length  of  Month.  —  Since  the  radial  component  of 
the  disturbing  force  is  negative  more  tlian  half  the  way  round  (54^ 
44'  on  each  side  of  the  line  of  syzygies)  and  is  twice  as  great  at 
syzygies  as  the  positive  comt)onent  is  at  quadrature,  the  net  result  is 
that,  taking  the  whole  mouth  through,  the  earth's  attraction  for  the 
moon  is  lessened  by  nearly  -^^-^  part:  The  effect  of  this  is  to  in- 
crease the  major  axis  of  the  moon's  orbit,  and  to  make  the  month  a 
little  longer  than  it  otherwise  would  be ;  that  is,  if  the  sun  were 
taken  away,  the  month  would  immediately  shorten  by  about  three 
hours. 

464.  Second:  The  Revolution  of  the  Line  of  Apsides, — This  is 
due  mainly  to  the  radial  component  of  the  disturbing  force.  When 
the  moon  comes  to  apogee  at  the  time  of  new  or  full  moon,  the 
diminution  of  the  earth's  effective  attraction  for  the  moon  causes  it 
to  move  on  farther  than  it  would  otherwise  do  . 
before  turning  the  corner,  so  to  speak,  the  con-  /O 
sequence  being  that  the  line  of  apsides  advances 
in  the  line  of  the  moon's  motion.  When  the 
moon  passes  perigee  at  that  time,  the  effect  is 
reversed,  and  the  apsides  regress;  but  since  the 
disturbing  force  is  greater  at  apogee  than  at 
perigee,  in  the  long  run  the  advancing  motion 
predominates.      When    perigee    or  apogee    is 

,.,,..  »  J      A  xi_     !•  «  Advance  of  the  Ap«idoi  of 

passed  at  the  time  of  quadrature^  the  line  of  ap-  ^^^  Moon's  Orbii. 
sides  is  also  disturbed ;  hut  the  disturbances 
thus  produced  exactly  balance  each  other  in  the  long  run.  The  net 
result,  as  has  been  stated  before  (Art.  238),  is  that  the  line  of  apsides 
completes  a  direct  revolution  once  in  about  nine  years  (8.855  years 
—  Neison) .  It  does  not  move  forwartl  steadily  and  uniformly,  but 
its  motion  is  made  up  of  alternate  advance  and  regression.  Fig. 
149  illustrates  this  motion  of  the  moon's  apsides. 

For  a  fuDer  diiicusaion  of  the  subject,  see  Ilerschers  "Outlines  of  Astron- 
omy," sections  677-089;  or  Airy's  »*  Gravitation,"  pp.  89-100. 

465.  Third:  The  Regression  of  the  Nodes.  — The  orthogonal  com- 
ponent  generally  (not  always)  tends  to  draw  the  moon  toicards  the  plane 
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448.  Lniuu-  Pertarbatioiu.  —  So  far  it  has  been  all  plain  sailing. 
Tor  nothiog  beyoud  elemeutary  mathemati(.-8  is  required  in  determin- 
iag  tlio  disttii'bing  force  nt  any  point  in  tlie  moon's  orbit ;  but  to 
determine  Khal  n-ill  be  the  effect  of  this  continaally  varying  force  after 
the  lapue  of  a  given  time,  viwn  the  moon's  ptcue  in  the  sky  is  a  problem 
of  a  very  different  order,  and  far  beyond  our  scope.  The  reader  who 
vishcB  to  follow  up  this  nubji-et  must  take  up  tbe  more  extended 
works  u|>on  theoretical  aatronomy  and  tbe  lunar  theor}'.  A  few 
|>oiuta,  however,  may  be  noted  here. 

449.  In  the  first  place,  it  is  found  most  convenient  to  consider 
the  moon  as  never  deviating  from  au  elliptical  orbit,  but  to  consider 
the  orbit  iteelf  an  continually  cluingiiig  in  place  and  form,  writhing  and 
squirming,  so  to  speak,  under  the  disturbing  forces;  Just  as  if  tite 
orbit  were  a  material  hoop  with  the  moon  stmog  upon  it  like  a  bead 
and  unable  to  get  away  from  it,  although  she  can  be  set  forward  and 
backward  in  her  motion  upon  it. 

460.  In  tlie  next  place,  it  ia  found  possible  to  represent  nearlj  all 
the  perturbations  by  jieriwlical  formuhe  —  the  same  values  recuning 
over  and  ovor  again  indefinitely  at  i-cgular  intervals.  Thia  is  bscaiiae 
tbe  Buu,  moon,  and  earth  keep  coming  back  into  the  same,  or  naarlj 
the  same,  relative  positions,  and  this  leads  to  recurring  values  of  the 
disturbing  force  itself,  and  also  of  its  effects. 

401.  Third,  the  number  of  these  separate  pertn 
have  to  be  taken  neount  of  Is  very  lai'ge.  In  the 
the  moon's  lotKjitude  in  the  Amcricau  Epbemeria  ab 
fereut  ineipinlities  are  reckoned  in,  and  about  half  i 
computation  for  the  hititudi:  Theoretically  the  nnn 
but  only  a  certain  number  priMluoe  effects  sensible 
It  is  of  no  UMu  to  compute  disturlmnces  that  do  not  ^ 
us  luuvh  as  one-tenth  of  a  second  of  arc ;  i.e.,  abont 
orbit. 

462.  Fourth,  iu  Epitc  of  all  that  has  been  done,  the  Idbk  ** 
is  still  incomplete,  nr  in  some  way  slightly  erroneous.  Tkt 
tables  yet  made  Ivepii  to  give  inaccurate  results  Rftar  Mi^ 
ttronty  years,  and  require  correction.  The  almanso  pUoi  cM 
moon  at  present  is  not  unfrequently  "  out "  as  mnch  as  8"  4^f 
arc ;  i.e.,  about  three  or  four  miles.     Astronomers  are  c 
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of  the  ediptic.  Whenever  this  is  the  case  at  the  time  when  the  moon 
is  passing  a  node,  tlie  effect  (as  is  easily  seen  from  Fig.  150)  of  such 
a  force  PiOj,  acting  upon  the  moon  at  Pj,  is  to  shift  the  node  back- 
ward from  ^1  to  -^21  the  moon  taking  the  new  path  PibiN^.  As  the 
moon  is  approaching  the  node,  the  inclination  of  its  orbit  is  also  in- 
creased ;  but  as  the  moon  leaves  the  node,  it  is  again  diminished,  the 
path  X^Pi  being  bent  at  P^  back  to  Paftj,  parallel  to  PjOi :  so  that 
while  l)y  lx)th  operations  the  node  is  made  to  recede  from  Nt  to  N3, 
the  inclination  suffers  very  little  change,  if  the  orthogonal  component 
remains  the  same  on  both  sides  of  the  node. 

Since  the  orthogonal  component  vanishes  twice  a  year,  —  when  the 
sun  is  at  the  nodes  of  the  moon's  orbit,  —  and  also  four  times  a  month, 
—  twice  when  the  moon  is  at  the  nodes,  and  twice  also  when  she  is  in 


'9 

Fia.  IM).  —  Ref^renttlon  of  the  Nodes  of  the  Moon's  OrblL 

quadrature,  —  the  rate  at  which  the  nodes  regress  is  extremely  variable, 
in  the  long  run  it  makes  its  backward  revolution  once  in  aboat  nine- 
teen years  (Arts.  249  and  391).     [18.5997  years.  —  Nelson.'] 

See  Ilerschers  "  Outlines  of  Astronomy,"  section  638  seqq. 

466.  Fourth:  The  Erection, — This  is  an  irregularity  which  at  the 
maximum  puts  the  moon  forward  or  backward  about  U°(  1*16' 27".01— 
Neison)^  and  has  for  its  period  the  time  which  is  occupied  by  the 
sun  in  passing  from  the  line  of  apsides  of  the  moon's  orbit  to  the 
same  line  again  ;  t.f^.,  about  a  year  and  an  eighth.  This  is  the  largest 
of  the  moon\s  perturbations,  and  was  earliest  discovered,  having  been 
detected  l)y  Ilipparchus  nearly  200  years  B.C.,  and  afterwards  more 
fully  worked  out  by  Ptolemy,  though  of  course  without  any  under- 
standing of  its  cause.  It  was  the  only  lunar  perturbation  known  to 
the  ancients.  It  depends  upon  the  alternate  increase  and  decrease  of 
the  eccentricity  of  the  moon's  orbit,  which  is  always  a  maximum  when 
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the  sun  is  passing  the  moon's  line  of  apsides,  and  a  minimum  when 
the  sun  is  at  right  angles  to  it. 

This  inequality  may  affect  the  time  of  an  eclipse  by  nearly  six 
hours,  making  it  anywhere  from  three  hours  early  to  three  hours  late, 
as  compared  with  the  time  at  which  it  would  otherwise  occur ;  it  was 
this  circumstance  which  called  the  attention  of  Hipparchus  to  it. 

See  Herschers  "  Outlines  of  Astronomy,"  sections  748  seqq. 

467.  Fifth :  The  Variation.  —  This  is  an  inequality  due  mainly  to 
the  tangential  component  of  the  disturbing  force.  It  has  a  period  of 
one  month,  and  a*  maximum  amount  of  39'  30''.70,  attained  when 
the  moon  is  half-way  between  the  syzygies  and  quadratures,  at  the 
so-called  '^  octants."  At  the  first  and  third  octants  the  moon  is  39^' 
behind  her  mean  place  (about  an  hour  and  twenty  minutes)  ;  at  the 
second  and  fourth  she  is  as  much  ahead.  This  inequality  was  de- 
tected by  Tycho  Brahe,  though  there  is  some  reason  for  believing 
that  it  had  been  previously  discovered  by  the  Arabian  astronomer, 
Aboul  Wefa,  five  centuries  earlier.  This  inequality  does  not  affect 
the  time  of  an  eclipse^  being  zero  both  at  the  syzygies  and  quadra* 
tures,  and  therefore  was  not  detected  by  the  Greek  astronomers. 

See  Herschers  "  Outlines  of  Astronomy,"  sections  705  seqq. 

468.  Sixth:  The  Annual  Equation.  —  The  one  remaining  ine- 
quality which  affects  the  moon's  place  by  an  amount  visible  to  the 
naked  eye,  is  the  so-called  ''  annual  equation."  When  the  earth  is 
nearer  the  sun  than  its  mean  distance,  the  sun's  disturbing  force  is, 
of  course,  greater  than  the  mean,  and  the  month  is  lengthened  a 
little;  during  that  half  of  the  year,  therefore,  the  moon  keeps  falling 
behindhand ;  and  vice  versa  during  the  half  when  the  sun's  distance 
exceeds  the  mean.  The  maximum  amount  of  this  inequality  is 
11'  9".00,  and  its  period  one  anomalistic  year. 

See  Ilerschers  "  Outlines  of  Astronomy/'  sections  738  seqq. 

There  remains  one  lunar  irregularity  among  the  multitude  of  lesser 
ones,  which  is  of  great  interest  theoretically,  and  is  still  a  bone  of 
contention  among  mathematical  astronomers  ;  namely,  — 

469.  Seventh :  The  Secidar  Acceleration  of  the  Moon^s  Mean  Mo- 
tion. —  It  was  found  by  Halley,  early  in  the  last  century,  by  a  com- 
parison of   ancient  with   modern  eclipses,  that  the  month  is  now 
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certainly  shorter  than  it  was  in  the  days  of  Ptolemy,  and  that  the 
shortening  has  been  progressive,  apparently  going  on  continnoosly, 
—  in  scecula  scecularum, — whence  the  name.  In  100  years  the 
moon,  according  to  the  results  of  Laplace,  gets  in  advance  of  its 
mean  place  al>out  10",  and  the  advance  increases  with  the  square  of 
the  timCj  so  that  in  a  thousand  years  it  would  gain  nearly  1000", 
and  in  2000  years  4000'^  or  more  than  a  degree.  The  moon  at 
present  is  supposed  to  be  just  about  a  degree  in  advance  of  the  posi- 
tion it  would  have  held  if  it  had  kept  on  since  the  Christian  era 
with  precisely  the  rate  of  motion  it  then  had.  If  this  acceleration 
were  to  continue  indefinitely,  the  ultimate  result  ^would  be  that  the 
moon  would  fall  upon  the  eartii,  as  the  quickened  motion  corresponds 
to  a  shortened  distance. 

460.  It  was  nearly  100  years  after  Halley*s  discovery  before 
Laplace  found  its  explanation  in  the  decreasing  eccentricity  of  the 
earth's  orbit.  L-nder  the  action  of  the  other  planets  this  orbit  is  now 
growing  more  nearly  circular,  without,  however,  changing  the  length 
of  its  major  axis.  Thus  its  area  becomes  larger,  and  the  earth's  average 
distance  from  the  sun  becomes  greater  (although  the  mean  distance, 
technically  so-called,  does  not  change,  the  ^^mean  distance"  being 
simply  half  the  major  axis).  As  a  result  of  this  rounding  up  of  the 
earth's  orbit,  the  average  disturbing  force  of  the  sun  is  therefore  dimin- 
ished^ and  this  diminution  allows  the  month  to  come  nearer  the  length 
it  would  have  if  there  were  no  sun  to  disturb  the  motion ;  that  is  to 
say,  the  month  keeps  shortening  little  by  little,  and  it  will  continue 
to  do  so  until  the  eccentricity  of  the  earth's  orbit  begins  to  increase 
again,  some  25,000  years  hence. 

461.  But  the  theoretical  amount  of  this  acceleration,  about  6"  in  a 
century,  does  not  agree  with  the  value  obtained  by  comparing  the  most 
ancient  and  mo<lern  eclipses,  which  is  about  12";  and  this  value,  again,  does 
not  agree  with  the  one  derived  by  comparing  modern  observations  of  the 
moon  with  those  made  by  the  Arabians  about  a  thousand  years  ago,  which, 
according  to  recent  investigations  by  Professor  Newcomb,  indicate  an 
acceleration  of  onlv  about  8". 

So  long  as  the  actual  acceleration  was  considered  to  be  12",  it  was  gener- 
ally sup|K)sed  that  the  discrepancy  between  the  theoretical  and  observed 
result  is  due  to  a  retardation  if  the  earths  rotation  by  the  friction  of  the 
tidesy  and  a  consequent  lengtht-ning  of  the  day.  Evidently  if  the  day  and 
the  seconds  l)ec()me  a  little  longer,  there  will  be  fewer  of  them  in  each 
month  or  year,  and  the  apparent  effect  of  such  a  change  would  be  to  shorten 
all  really  constant  astronomical  periods  by  one  and  the  same  percentage. 
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As  matters  stand  to-day  it  is  hardly  possible  to  assert  with  confidence 
that  there  is  any  real  discrepancy  to  be  accounted  for  between  the  theoret- 
ical and  observed  values,  the  latter  being  considerably  uncertain.  In  New- 
comb's  "  Popular  Astronomy  "  (pp.  96-102)  there  will  be  found  an  interesting 
and  trustworthy  discussion  of  the  subject. 

Questions  like  this,  and  those  relating  to  the  remaining  discrepancies 
between  the  lunar  tables  and  the  observed  places  of  our  satellite,  lie  on  the 
very  frontiers  of  mathematical  astronomy,  and  can  be  dealt  Mrith  only  by 
the  ablest  and  most  skilful  analysts. 

THE  TIDES. 

462.  Just  as  the  disturbing  force  due  to  the  sun's  attraction 
affects  the  motions  of  the  moon  in  her  orbit,  so  the  disturbing 
forces  due  to  the  attractions  of  the  moon  and  sun  acting  upon  the 
fluids  of  the  earth's  surface  produce  the  tides.  These  consist  of  the 
regular  rise  and  fall  of  the  water  of  the  ocean,  the  average  interval 
between  successive  high  waters  being  24^  51",  which  is  precisely 
the  same  as  the  average  interval  between  two  successive  passages  of 
the  moon  across  the  meridian.  This  coincidence,  maintained  indefi- 
nitely, of  itself  makes  it  certain  that  there  must  be  some  causal  con- 
nection between  the  moon  and  the  tides.  As  some  one  has  said,  the 
odd  51  minutes  is  the  moon's  "  ear-mark,** 

463.  Definitions.  — When  the  water  is  rising,  it  is  ^^ flood**  tide  ; 
when  falling,  it  is  "  ebb,**  It  is  "  high  water**  at  the  moment  when 
the  tide  is  highest,  and  ^^  low  water**  when  it  is  lowest.  ^^  Spring 
tides**  are  the  highest  tides  of  the  month  (which  occur  near  the 
times  of  ne^  and  full  moon),  while  ^^  neap  tides**  are  the  lowest, 
which  occur  when  the  moon  is  in  quadrature.  The  relative  heights  of 
the  spring  and  neap  tides  are  about  as  7  to  4.  At  the  time 
of  spring  tides  the  interval  between  the  corresponding  tides  of  suc- 
cessive days  is  less  than  the  average,  being  only  about  24^  88"*, 
and  then  the  tides  are  said  to  *'*' prime,**  At  neap  tides  the  interval 
is  25^  6",  which  is  greater  than  the  mean,  and  the  tides  "  lag.** 

The  "  establishment  **  of  a  port  is  the  mean  interval  between  the 
time  of  high  water  at  that  port  and  the  next  preceding  passage  of 
the  moon  across  the  meridian.  At  New  York,  for  instance,  this 
"establishment"  is  8^  13™,  although  the  actual  interval  varies  about 
22  minutes  on  each  side  of  the  mean  at  different  times  of  the  month. 

That  the  moon  is  largely  responsible  for  tlie  tides  is  also  shown  by 
the  fact  that  the  tides,  at  the  time  when  the  moon  is  in  perigee,  are 
nearly  twenty  per  cent  higher  than  those  which  occur  when  she  is  in 
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apogee.  The  highest  tides  of  all  happen  when  a  new  or  fuU  moon 
occurs  at  the  time  the  moon  is  in  perigee^  especially  if  this  occurs 
about  January  Istj  tvhen  the  earth  is  nearest  to  the  sun.  Since,  as 
we  shall  see,  the  "  tide-raising"  force  varies  inversely  as  the  cuibe  of 
the  distance,  slight  variations  in  the  distance  of  the  moon  and  sun 
from  the  earth  make  much  greater  variations  in  the  height  of  the  tide 
— greater  nearly  in  the  ratio  of  3  to  1. 

464.  The  Tide-Baising  Force.  —  This  is  the  difference  between  the 
attractions  of  the  sun  aud  moon  (mainly  the  latter)  on  the  main 
body  of  the  earth,  and  the  attractions  of  the  same  bodies  on  parti- 
cles at  different  parts  of  the  earth's  surface.  The  tide-raising  force 
is  but  a  very  small  part  of  the  whole  attraction. 

The  amount  of  this  disturbing  force  for  a  particle  at  any  point 
on  the  earth's  surface  can  be  found  approximately  by  the  same  geo- 
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Fio.  151.  — The  Moon*«  Tide- Raising  Force  on  the  EarUi. 

metrical  construction  wliich  was  used  for  the  lunar  theory  (Art. 
441 ) .  Draw  a  line  from  the  moon  through  the  centre  of  the  earth. 
At  the  points  A  aud  B^  Fig.  151,  where  the  moon  is  directly  over 
head  or  under  foot,  the  tide-raising  force  is  directly  opposed  to  gravity, 
and  equals  nearly  ^  of  the  moon*s  whole  attraction,  since  the  line  Aa 
represents  the  disturbing  force  on  the  same  scale  as  the  line  from  A 
to  the  moon  represents  the  moon's  attraction,  and  this  line,  A3£j  is 
about  sixty  times  the  earth's  radius,  while  Aa  is  just  double  it,  be- 
cause Ca  has  to  be  taken  equal  to  3  x  CA  (Art.  444). 

Since  the  moon's  mass  is  only  about  ^  of  the  earth's,  and  its  dis- 
tance is  sixty  radii  of  the  earth,  this  lifting  force  under  the  moon, 
expressed  as  a  fniction  of  the  earth's  gravity^  equals 

/.ff.,  a  body  weighing /o?/r  thousand  tons  loses  about  one  potind  of  its 
weight  when  the  moon  is  over  head  or  under  foot. 

At  I)  and  E.  anvwhere  on  the  circle  of  the  earth's  surface  which 
is  90"^  from  A  and  B^  the  moon's  disturbing  force  increases  the 
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weight  of  a  body  by  just  half  this  amount,  the  disturbing  force  being 
measured  by  the  lines  DC  and  EC.  At  a  point  JP,  situated  anywhere 
on  a  circle  drawn  around  either  ^  or  jB  with  a  radius  of  54°  44\  the 
weight  of  a  body  is  neither  increased  nor  decreased,  but  it  is  urged 
towards  A  or  B  with  a  horizontal  force  expressed  by  the  line  Ff^ 
which  force  is  equal  to  about  12  oioooo  ^^  ^^  weight. 

In  the  same  way  the  tidal  forces  at  G  and  H  are  expressed  by  the 
lines  Og  and  Hh, 

485.     The  same  result  for  the  lifting-force  directly  under  the  moon  may 

be  obtained  more  exactly  as  follows.    The  distance  from  the  moon  to  the 

centre  of  the  earth  is  sixty  times  the  earth's  radius,  and  therefore  the 

distance  from  the  moon  to  the  points  A  and  B  respectively  will  be  59  and 

61.    The  moon's  attraction  at  Ay  C^  and  B,  expressed  as  fractions  of  the 

earth's  grayity,  will  be  as  follows  :  — 

1 
Attraction  of  moon  on  particle  at  -4  =  ^ x  ^=  0.0000035010  x  g* 

Attraction  of  moon  on  particle  at  ^  =  ^  X  ^=  0.0000034723  x  g. 
Hence  A-C=  0.0000001187  g  = 


Attraction  of  moon  on  particle  &t  B  =  gx^^  =  0.0000033593 x g* 

1 


8,424,000^ 

C -5  =  0.0000001130^= q. 

^     8,835,000^ 

This  is  more  correct  than  the  preceding,  which  is  based  on  an  approxima* 
tion  that  considers  the  moon's  distance  as  very  large  compared  with  the 
earth's  radius,  while  it  is  really  only  sixty  times  as  great,  and  sixty  is  hardly 
a  ••  very  large  "  number  in  such  a  case. 

Attempts  have  been  made  to  observe  directly  the  variations  in  the  force  of 
gravity  produced  by  the  moon's  action,  but  they  are  too  small  to  be  detected 
with  certainty  by  any  experimental  method  yet  contrived.  Both  Darwin 
and  Zdllner  found  that  other  causes  which  they  could  not  get  rid  of  produced 
disturbances  more  than  sufficient  to  mask  the  whole  action  of  the  moon. 

486.  It  is  worth  while  to  note  in  this  connection  that  the  maximum 
lifting-force  due  to  the  attraction  of  a  distant  body  varies  inversely  as  the 
cube  of  its  distance,  as  is  easily  shown,  thus :  —  calling  D  the  distance  of  the 
disturbing  body  from  the  earth's  centre,  and  r  the  earth's  radius,  we  have 

Attraction  at  ^  = ;       attraction  at  C  =  — • 

(D  -  ry  D^ 

Tide-raising  force  at  ^  =  3/5 ? L\  =  m\ ^Dr^r^ > 

=  3f  5 -A/>'::^ri_  U  A/ r:^' >    nearly . 
when  r  is  a  small  fraction  of  X>. 
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467.  It  is  very  apt  to  puzzle  the  student  that  the  moon's  action 
should  be  a  lifting  force  at  B  as  well  as  at  ^  (^^^^-  151).  He  is 
likely  to  tliink  of  the  eailh  as  fixed,  and  the  moon  also  fixed  and 
attracting  the  water  upon  the  earth,  in  which  case,  of  course,  the 
moon's  attraction,  while  it  would  decrease  gravity  at  A^  would  increase 
it  at  B. 

The  two  bodies  are  not  fixed, 
however.  Let  him  think  of  the  three 
particles  at  A^  (7,  and  B^  Fig.  152, 
as  unconnected  with  each  other,  and 
falling  freely  towards  the  moon; 
then  it  is  obvious  that  they  would 
^"^^  separate;  A  would  fall  faster  than 

Fio.  162.— The  suticai  Theory  of  uie  Tides.  C',  and   C  than  B.    Now  Imagine 

them  connected  by  an  elastic  cord. 
It  is  obvious  that  they  will  still  draw  apart  until  the  tension  of  the 
cord  prevents  any  further  separation.  Its  tension  will  then  measure 
the  '*  lifting  force"  of  the  moon  which  tends  to  draw  both  the  par- 
ticles A  and  B  away  from  C 

468.  The  Snn*8  Action.  —This  is  precisely  like  that  of  the  moon, 
except  that  the  sun's  distance,  instead  of  being  only  sixty  times  the 
earth's  radius,  is  nearly  23,500  times  that  quantity.  Since  the  tide- 
raising  power  varies  as  the  cube  of  the  distance  inversely,  while  the 
attracting  force  varies  only  with  the  inverse  square^  it  turns  out  that 
although  the  sun's  attraction  on  the  earth  is  nearly  200  times  as 
great  as  that  of  the  moon,  its  tide-raising  power  is  only  about  two- 
fifths  as  much.  When  the  sun  is  over  head  or  under  foot,  his  dis- 
turbing force  diminishes  gravity  by  about  ry'^oTnT' 

469.  Statical  Theory  of  the  Tides.  —  If  the  earth  were  wholly 
composed  of  water,  and  if  it  kept  always  the  same  face  towards  the 
moon  (as  the  moon  does  towards  the  earth),  so  that  every  particle  on 
the  earth's  surface  was  always  subjected  to  the  same  disturbing  force 
from  the  moon,  then,  leaving  out  of  account  the  sun's  action,  a  per- 
manent tide  would  be  raised  upon  the  earth,  distorting  it  into  a 
lemon-shaped  form  with  the  point  towards  the  moon.  It  would  be 
permanently  higher  water  at  the  points  A  and  B  (Fig.  152)  directly 
under  tlie  moon,  and  low  water  ail  around  the  earth  on  the  circle  90^ 
from  these  points,  as  at  D  and  E.  The  difference  of  the  level  of 
the  water  at  A  and  D  would  in  ttiis  case  be  about  two  feet« 
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The  Bun's  action  would  produce  a  similar  tide  superposed  upon 
the  lunar  tide  and  having  about  two-fifths  of  the  same  elevation.  If 
the  two  tide  summits  should  coincide,  the  resulting  elevation  of  the 
high  water  would  be  the  sum  of  the  two  separate  tides.  If  the  sun 
were  90°  from  the  moon,  the  waves  would  be  in  opposition,  and  the 
height  of  the  tide  would  be  decreased,  the  solar  tide  partly  filling  up 
the  depression  at  the  low  water  due  to  the  moon's  action. 

Suppose  now  the  earth  to  be  put  in  rotation.  It  is  easy  to  see 
that  these  tidal  waves  would  tend  to  move  over  the  earth's  surface, 
following  the  moon  and  sun  at  a  cei*tain  angle  dependent  on  the 
inertia  of  the  water,  and  with  a  westward  velocity  precisely  equal  to 
that  of  the  earth's  eastward  rotation,  —  about  a  thousand  miles  an 
hour  at  the  equator.  But  it  is  also  evident  that  on  account  of  the 
varying  depth  of  the  ocean,  and  the  irregular  form  of  the  shores,  the 
tides  could  not  maintain  this  motion,  and  that  tlie  actual  result  must 
become  exceedingly  complicated.  In  fact,  the  statical  theory  be- 
comes utterly  unsatisfactory  in  regard  to  what  actually  takes  place, 
and  it  is  necessary  to  depend  almost  entirely  upon  the  results  of 
observation,  using  the  theory  merely  as  a  guide  in  the  discussion  of 
the  observations. 

Yet  while  this  statical  theory  of  the  tides  worked  out  by  Newton  is 
certainly  inadequate,  and  in  some  respects  incorrect,  it  easily  furnishes  the 
explanation  of  some  of  the  most  prominent  of  the  peculiarities  of  the  tides. 


470.  The  Priming  and  Lagging  of  the  Tides.  —  About  the  time 

of  new  and  full  moon,  as  has  been  stated  before  (Art.  4G3),  the  interval 
between  the  corresponding  tides  of  successive  days  is  about  thirteen  minutes 
less  than  the  average  of  24^  51"*,  while  a  week  later  it  is  about  as  much 
longer.    The  reason  is  found  in  the  combination  of  the  solar  and  lunar  tides. 


J*riming  and  Lagging  of  the  Tide. 

On  the  dajrs  of  new  and  full  moon  the  two  tides  coincide,  and  the  tide 
wave  has  its  crest  directly  under  the  moon,  or  rather  at  the  normal  distance 
behind  the  moon  which  corresponds  to  the  "  establishment "  of  the  port  of 
observation. 
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At  quadrature  the  crest  of  the  solar  tide  will  be  just  90°  from  tiie  ciest  of 
the  lunar  wav^.  but  it  will  leave  the  Kuinmit  of  the  combined  mace  just  where 
it  would  be  if  there  were  no  solar  wave  at  all :  evidently  there  ie  no  postible 
reason  why  the  Hinaller  wave  at  S  and  S'  should  displace  the  crest  of  the  ware 
ftt  L  (Fig.  153)  towardfl  the  right  that  would  not  also  require  its  displacement 
towards  the  left;  it  will  therefore  simply  lower  the  wave  at  L  trithoul  dit- 
plncinfj  it  one  way  or  the  other.  But  when  the  solar  tide  wave  SS'  (Fig. 
IM)  has  its  crest  at  S,  and  5,',  45°  from  L  and  L',  as  it  will  do  about  three 
days  after  new  or  full  moon,  then  its  combination  with  the  lunar  wave  will 
niake  the  crest  of  the  combined  wave  take  position  at  a  point  X  between  the 
two  crests,  and  about  half  an  hour  of  time  ahead  (tcesl)  of  the  lunar  tide; 
so  that  at  that  time  of  the  month  high  water  will  occur  about  half  an  hour 
earlier  than  if  there  were  no  solar  tide  (since  the  tide  waves  travel  westward). 
And  this  half-hour  has  to  be  gained  by  diminishing  the  interval  between 
tlia  successive  tides  for  the  three  preceding  days.  Similar  reasoning  shows 
that  when  the  polar  tide  crest  falls  at  S,  and  S,',  the  combined  tide  wave  will 
be  easl  of  the  lunar  wave,  and  come  later  into  port. 

471.  EffMt  of  tlie  Xoon's  Declination  and  Siomsl  Inequality. — 
In  high  latitudes  on  the  Pacific  Ocean,  twice  a  month,  when  tlie  moon  ia 
farthest  north  or  south  of  the  celestial  equator,  the  two  tides  of  the  day  are 

very  different  in  magnitude.  When  the 
moon's  declination  is  zero,  there  is  no 
such  difference:  nor  is  there  ever  wiy 
difference  at  ports  which  «rK  near  the 
earth's  equator. 

Fig.  15o  makes  it  clear  why  it  should 

^  be  so.    AVlien  the  moon's  declination  is 

zero,  things  are  as  in   Fig.  152  (Art. 

m)),  and  the  two  tides  of  the  sama 

dav  are  sensibly  equal  at  ports  in  all 

Kio.i66.-Tbei>iunimiinoquiiiity.        latitudes.     When  the  moon  is  at  her 

greatest  northern  declination,  say  28°, 

the  two  tide  summits  will  be  at  yl  and  .4' in  Fig.  155;  the  tide  which 

occurs  at  B  when  the  moon  is  overhead  will  be  great,  while  the  tide  in  the 

corresjwnding  southern  latitude  at    li'  will   be  small.    The  tides  which 

occur  twelve  hours  lat<;r  will  be  small  at  the  nurthern  station,  then  situated 

at  C,  and   largo  at  the  southern  sUlioii,  then   at  C.     For  a  port  on  the 

equator  at  £  or  Q  there  will  be  no  such  difference.    In  the  Atlantic  Ocean 

the  difference  is  hanlty  noticeable,  becau^w,  as  we  Rhatl  see  very  soon,  the 

tides  in  that  ocean  arc  mainly  (not  entirely)  due  to  tide  waves  propi^ated 

into  it  from  the  P.icitic  and  Indian  Oceans  around  the  Cape  of  Good  Hope. 

472.  The  Wave  Theory  of  the  Tidee.  —If  the  earth  were  entirel; 
covered  with  deep  water,  except  a  few  little  ishtLds  projecting  here 
and  there  to  senu  fur  observing  stations,  the  tide  waves  would  run 
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around  the  globe  regularly  ;  and  if  the  depth  of  the  ocean  were  about 
thirteen  miles,  the  tide  crests,  as  can  be  shown,  would  follow  the 
moon  at  an  angle  of  just  90°.  It  would  be  high  water  just  where  the 
statical  theory  would  give  low  water.  If  the  depth  were  (as  it  really 
is)  much  less  than  thirteen  miles,  the  tide  wave  in  the  ocean  could 
not  keep  up  with  the  moon,  and  the  result  would  be  a  very  compli- 
cated one.  The  real  state  of  the  case  is  still  woi*se.  The  continents 
of  North  and  South  America,  with  the  southern  antarctic  continent, 
make  a  barrier  almost  complete  from  pole  to  pole,  leaving  only  a 
narrow  passage  at  Cap>e  Horn  ;  and  the  varying  depth  of  the  water, 
and  the  irregular  contours  of  the  shores  are  such  that  it  is  quite 
impossible  to  determine  by  theory  what  the  course  and  character  of 
the  tide  wave  must  be.  We  must  depend  upon  observation ;  and 
observations  are  inadequate,  because,  with  the  exception  of  a  few 
islands,  our  only  possible  tide  stations  are  on  the  shores  of  continents 
where  local  circumstances  largely  control  the  phenomena. 

473.  Free  and  Forced  OsoillationB.  —  If  the  water  in  the  ocean  is 
suddenly  disturbed  (as  for  instance,  by  an  earthquake),  and  then 
left  to  itself,  a  ''  free  "  wave  will  be  formed,  which,  if  the  horizontal 
dimensions  of  the  wave  are  large  as  compared  with  the  depth  of  the 
water,  will  travel  at  a  rate  depending  solely  on  the  depth.  The  veloc- 
ity of  such  a  free  wave  is  given  by  the  formula  v  =  -Vgh ;  that  is,  it 
is  equal  to  the  velocity  acgtiired  by  a  body  in  falling  through  half  the 
depth  of  the  ocean. 

Thus  a  depth  of    25  feet  gives  a  velocity  of     19  +  miles  per  hour. 

100    "       "     "       "        «*     39         «* 
10,000    **        "     *'        **        "    888         " 
40,000    **        "     "        "         "    775         " 
67,200  (12 J  miles)        "        "  1000 
90,000    "        "     "       "         "  1165         " 

Observations  upon  the  waves  caused  by  certain  earthquakes  in 
South  America  and  Japan  have  thus  informed  us  that  between  the 
coasts  of  those  countries  the  Pacific  averages  between  two  and  one- 
half  and  three  miles  in  depth. 

474.  Now,  as  the  moon  in  its  diurnal  motion  passes  across  the 
American  continent  each  day,  and  comes  over  the  Pacific  Ocean,  it 
starts  such  a  ''parent"  wave  in  the  Pacific,  and  the  wave  once 
started  moves  on  nearly  (but  not  exactly)  like  an  earthquake  wave. 
Not  exactly,  because  the  velocity  of  the  earth's  rotation  being  about 
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1050  miles  an  hour  at  the  equator,  the  moon  runs  relatively  westward 
faster  than  the  wave  can  naturally  follow,  and  so  for  a  while  slightly 
accelerates  it.  A  second  tidal  wave  is  produced  daily  twelve  hours 
later  when  the  moon  passes  imderneath.  The  tidal  wave  is  thus,  in 
its  origin^  a  forced  oscillation^  while  in  its  subsequent  travel  it  is  pretty 
nearly  a  free  one. 

475.  Co-Tidal  Lines. — These  are  lines  drawn  upon  the  surface 
of  the  ocean  connecting  those  places  which  have  their  high  water  at 
the  same  moment  of  Greenwich  time.  They  mark  the  crest  of  the 
tide  wave  for  each  hour  of  Greenwich  time;  and  if  we  could  draw 
them  with  certainty  upon  the  globe,  we  should  have  all  necessary 
information  as  to  the  motion  of  the  wave.  Unfortunately  we  can 
obtain  no  direct  knowledge  as  to  the  position  of  these  lines  in  mid- 
ocean  ;  we  only  get  a  few  points  here  and  there  on  the  coasts  and 
on  islands,  so  that  a  great  deal  necessaril}'  remains  conjectural.  Fig. 
156  is  a  reduced  copy  of  such  a  map,  boiTowed  with  some  modifica- 
tions from  that  given  in  Guyot's  *'  Physical  Geography'." 

476.  Course  of  Travel  of  the  Tidal  Wave.  —  On  studying  the  map 

we  find  that  the  main  or  ^^  parent  '*  wave  starts  twice  a  day  in  the  Pacific, 
off  Callao,  on  the  coiist  of  South  America.  This  is  shown  on  the  chart 
by  a  sort  of  oval  *'  eye  **  in  the  co-tidal  lines,  just  as  a  mountain  summit  is 
shown  on  a  topographical  chart  by  an  "  eye  "  in  the  contour  lines.  From 
this  jx)int  the  wave  travels  northwest  through  the  deepest  water  of  the 
Pacific  at  the  rate  of  about  850  miles  per  hour,  reaching  Kamtchatka  in 
about  ten  hours.  To  the  west  and  southwest  the  water  is  shallower  and 
the  travel  slower,  —  only  400  to  600  miles  per  hour,  —  so  that  the  wave  arrives 
at  New  Zealand  in  about  twelve  hours.  Passing  on  by  Australia,  and  com- 
bining with  the  small  wave  wliich  the  moon  raises  directly  in  the  Indian 
Ocean,  the  resultant  tide  crest  reaches  the  Cape  of  Good  Hope  in  about 
twenty-nine  hours,  and  enters  the  Atlantic.  Here  it  combines  with  the  tide 
wave,  twenty-four  hours  younger,  which  has  "backed"  into  the  Atlantic 
around  Cape  Horn,  and  it  is  modified  also  by  the  direct  tide  produced  by  the 
moon's  action  upon  the  waters  of  the  Atlantic.  The  resultant  tide  crest 
then  travels  northward  through  the  Atlantic  at  the  rate  of  nearly  700  miles 
per  hour.  It  is  about  forty  hours  old  when  it  first  reaches  the  coast  of  the 
United  States  in  Florida,  and  our  coast  is  so  situated  that  it  arrives  at  all 
the  principal  ports  within  two  or  three  hours  of  that  time.  It  is  forty-one 
or  forty-two  hours  old  when  it  arrives  at  New  York  and  Boston.  To  reach 
Ijondon  it  has  to  travel  around  the  northern  end  of  Scotland  and  through 
the  Xorth  Sea,  and  is  nearly  sixty  hours  old  when  it  arrives  at  that  port  and 
the  ports  of  the  German  Ocean,  —  Hamburg,  etc. 

In  the  great  oceans  there  are  thus  three  or  four  tide  crests  travelling 
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simultaneously,  following  each  other  nearly  in  the  same  track,  but  with 
continual  minor  changes,  owing  to  the  variations  in  the  relative  poeitions  of 
the  sun  and  moon  and  their  changing  distances  and  declinations.  If  we  take 
into  account  the  tides  in  rivers  and  sounds,  the  number  of  simultaneous 
tide  crests  must  be  at  least  six  or  seven ;  that  is,  the  high  water  at  the 
extremity  of  its  travel,  up  the  Amazon  River,  for  instance,  must  be  at  least 
three  or  four  days  old,  reckoned  from  its  birth  in  the  Pacific.^ 

477.  Tides  in  Riyen.  —  The  tide  wave  ascends  a  river  at  a  rate 
which  depends  upon  the  depth  of  the  water,  the  amount  of  friction, 
and  the  swiftness  of  the  stream.  It  may,  and  generally  does,  ascend 
until  it  comes  to  a  rapid^  where  the  velocity  of  the  water  is  greater  than 
thai  of  the  wave.    In  shallow  streams,  however,  it  dies  out  earlier. 

Contrary  to  what  is  usually  supposed,  it  often  ascends  to  an  elevation  far 
above  that  of  the  highest  crest  of  the  tide  wave  at  the  river's  mouth.  In  the 
La  Plata  and  Amazon  it  goes  up  to  an  elevation  at  least  one  hundred  feet 
above  the  sea-level.  The  velocity  of  the  tide  wave  in  a  river  seldom  exceeds 
ten  or  twenty  miles  an  hour,  and  i.s  usually  less. 

478.  Height  of  Tides.  —  In  mid-oceau  the  difference  between  high 
and  low  water  is  usually  between  two  and  three  feet,  as  observed 
on  isolated  deep-water  islands  in  the  Pacific ;  but  on  the  continental 
shores  the  height  is  usually  much  greater.     As  soon  as  the  tide  wave 


Fio.  157.  —  IncreaBe  In  Height  of  Tide  on  approaching  the  Shore. 

touches  bottom,  so  to  speak,  the  velocity  is  diminished  and  the  height 
of  the  wave  is  increased,  something  as  in  the  annexed  figure  (Fig. 
157).  Theoretically  the  height  of  the  wave  varies  as  the  fourth 
root  of  the  depth.  Thus,  where  the  water  is  100  feet  deep,  the  tide 
wave  should  be  twice  as  high  as  at  the  depth  of  1  GOO  feet. 

Where  the  configuration  of  the  shore  forces  the  wave  into  a  comer, 
it  sometimes  becomes  very  high.  At  Annapolis,  on  the  Bay  of 
Fundv,  tides  of  seveutv  feet  are  not  uncommon,  and  an  altitude  of 
100  feet  is  said  to  be  occasionally  attained. 

At  Bristol,  England,  in  the  mouth  of  the  Severn  the  tide  rises  fifty  feet, 
and  sometimes  ascends  the  river  (as  it  also  does  tiie  Seine,  in  France,  and 


1  We  arc  greatly  indebted  to  Loomis's  discussion  of  the  subject  in  his  "  Ele- 
ments of  Astronomy." 
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the  Amazon)  as  a  breaking  wave,  called  the  "bore"  or  "eiger"  (French, 
mascaret),  with  a  nearly  vertical  front  five  or  six  feet  in  height,  crested  with 
foam,  and  very  dangerous  to  small  vessels.  On  the  east  coast  of  Ireland, 
opposite  to  Bristol,  the  tide  ranges  only  about  two  feet. 

In  mid-ocean  the  water  has  no  progressive  motion,  but  near  the  land 
it  has,  running  in  at  the  flood  to  fill  up  the  bays  and  cover  the  flats,  and 
then  running  out  again  at  the  ebb.  The  velocity  of  these  tidal  currents  must 
not  be  confounded  with  that  of  the  tide  wave  itself. 

479.  Reflection  and  Interference.  —  The  tide  wave  when  it  reaches 
the  shore  is  not  entirely  destroyed,  especially  if  the  coast  is  bold  and 
the  water  deep ;  but  is  partly  reflected,  and  the  reflected  wave  goes 
back  into  the  ocean  to  meet  and  modify  the  new  tide  wave  which  is 
coming  in.  Of  course,  in  such  a  case  we  get  '^  interferences,"  so 
that  on  islands  in  the  Pacific  only  a  few  hundred  miles  apart  we  find 
great  differences  in  the  heights  of  the  tides.  At  one  place  the  direct 
waves  and  the  waves  reflected  from  the  shores  of  Asia  and  South 
America  may  conspire  to  give  a  tide  of  three  or  four  feet,  or  nearly 
double  its  normal  value,  while  at  another  they  nearl}'  destroy  each  other. 

There  are  places,  also,  which  are  reached  by  tides  coming  by  two  different 
routes.  Thus  on  the  east  coast  of  England  and  Scotland  the  tide  waves 
come  both  around  the  northern  end  of  Scotland  and  through  the  Straits  of 
Dover.  In  some  places  on  this  coast  we  have,  therefore,  a  tide  of  nearly 
double  height,  while  at  others  not  very  far  away  there  will  be  hardly  any 
tide  at  all ;  and  at  intermediate  points  there  are  sometimes  four  distinct 
high  waters  in  twenty-four  hours.  As  a  consequence  of  this  reflection  and 
interference  of  the  tide  waves  it  follows  that  if  the  tide-raising  power  were 
suddenly  abolished,  the  tides  would  not  immediately  cease,  but  would  con- 
tinue to  run  for  several  days,  and  perhaps  weeks,  before  they  gradually  died 
out. 

480.  Effect  of  the  Var]ring  Pressure  of  the  Barometer,  and  of 
the  Wind.  —  When  the  barometer  at  a  given  port  is  lower  than 
usual,  the  level  of  the  water  is  generally  higher  than  the  average, 
at  the  rate  of  about  one  foot  for  every  inch  of  the  mercury  in  the 
barometer  ;  and  vice  versa  when  it  is  higher  than  usual. 

AVhen  the  wind  blows  into  the  mouth  of  a  harbor,  it  drives  in 
the  water  of  the  ocean  by  its  surface  friction,  and  may  raise  the 
water  several  feet.  In  such  cases  the  time  of  high  water,  contrary 
to  what  might  at  first  be  supposed,  is  delayed^  sometimes  as  much  as 
fifteen  or  twenty  minutes. 

This  result  depends  upon  the  fact  that  the  water  runs  into  the 
harl)or  for  a  longer  time  than  it  would  do  if  the  wind  were  not  blow- 
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ing.  The  normal  depth  of  the  water  on  the  bar  is  reached  before 
the  predicted  time,  so  that  at  the  predicted  time  the  water  is  deeper 
than  it  would  be  if  there  were  no  wind,  but  the  maximum  depth  is 
not  attained  until  some  time  later.  Of  course,  the  results  are  the 
op|>osite  when  the  wind  blows  out  of  the  harbor :  the  time  of  high 
water  comes  earlier,  and  the  depth  of  water  on  the  bar  at  the  pre- 
dicted time  of  high  water  is  less  than  it  otherwise  would  be. 

481.  Tides  in  Lakes  and  Inland  Seas.  —  These  are  small  and  diffi- 
cult to  detect.  Theoretically,  the  range  between  high  and  low  water  in  a 
land-locked  sea  should  bear  about  the  same  ratio  to  the  rise  and  fall  of  the 
tide  in  mid-ocean  that  the  length  of  the  sea  does  to  the  diameter  of  the  earth. 
Variations  in  the  direction  of  the  wind  and  the  barometric  pressure  cause 
continual  oscillations  in  the  water-level  which,  even  in  a  quiet  lake,  are  much 
larger  than  the  true  tides;  so  that  it  is  only  by  taking  a  long  series  of  obser- 
vations, and  discussing  them  with  reference  to  the  moon's  position  in  the  sky, 
that  it  is  possible  to  separate  the  real  tide  from  the  effects  of  other  causes. 
In  Lake  ^lichigan,  at  Chicago,  a  tide  of  about  one  and  three-quarters  inches 
has  thus  been  detected,  the  "  establishment "  of  the  port  l)eing  about  thirty 
minutes.  In  Lake  Erie,  at  Buffalo  and  Toledo,  the  tide  is  about  three-quarters 
of  an  inch.  On  the  coasts  of  the  Mediterranean  the  tide  averages  about 
eighteen  inches,  attaining  a  height  of  three  or  four  feet  at  the  head  of  some 
of  the  bays. 

482.  The  Eigidity  of  the  Earth.  —  Sir  W.  Thomson  has  endeav- 
ored to  make  the  tides  the  criterion  of  the  rigidity  of  the  earth's  core. 
Evidently  if  the  solid  parts  of  the  earth  were  fluid,  there  would  be  no 
observable  tide  anywhere,  since  the  whole  surface  would  rise  and  fall 
together.  If  the  earth  were  semi-solid,  so  to  speak  (that  is,  viscous, 
and  capable  of  yielding  more  or  less  to  the  forces  tending  to  change 
its  form),  the  tides  would  be  observable,  but  to  a  less  degree  than  if 
the  earth's  core  were  rigid.  And  with  this  further  peculiarity  —  since 
a  viscous  body  requires  time  to  change  its  form,  waves  of  short  period 
would  be  observable  upon  the  semi-solid  earth  nearly  to  their  full  ex- 
tent, while  tliose  of  long  period  would  almost  entirely  disappear, 
owing  to  the  slow  yielding  of  the  earth's  crust.  Now  the  actual  tide 
wave,  as  observed,  is  really  made  up  of  a  multitude  of  comi)onent 
tide  waves  of  different  periods,  ranging  from  half  a  day  upwaitls. 
According  to  the  ''principle  of  forced  vibrations"  every  regularly 
recurring  periodic  change  in  the  forces  which  act  on  the  surface  of 
the  ocean  must  produce  a  tide  of  greater  or  less  magnitude,  and  of 
exactly  corn*sponding  period. 
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We  have,  for  instance,  the  semi-diurnal,  solar,  and  lunar  tides ;  then  the 
two  monthly  tides  due  to  the  change  in  the  moon's  distance  and  declination, 
and  the  two  annual  tides  due  to  the  changes  of  the  sun's  distance  and 
declination,  not  to  speak  of  the  nineteen-year  tide  due  to  the  revolution  of 
the  moon's  nodes. 

A  thorough  analytical  discussion  of  thirty-three  years'  tidal  ob- 
servations at  different  parts  of  the  world  has  been  made  under  the 
direction  of  Sir  W.  Thomson  by  Mr.  George  Darwin,  with  the  result 
that  not  only  do  the  short  waves  show  themselves,  but  the  waves  of 
long  period  are  found  to  manifest  themselves  with  almost  their  full 
theoretical  value.  Thomson's  conclusion  is  that  the  earth  as  a  whole 
"  must  be  more  rigid  than  steel,  but  perhaps  not  quite  so  rigid  as 
glass,**  This  result  is  at  variance  with  the  prevalent  belief  of  geolo- 
gists that  the  core  of  the  earth  is  a  molten  mass,  and  has  led  to  much 
discussion  which  we  cannot  deal  with  here. 

483.  Effect  of  the  Tides  on  the  Earth's  Rotation.  — If  the  tidal 
motion  consisted  merely  in  the  upward  and  downward  motion  of  the 
particles  of  the  ocean  to  the  extent  of  two  feet  or  so  twice  a  day,  it 
would  involve  a<  very  trifling  expenditure  of  energy ;  and  this  is  the 
case  with  the  mid-ocean  tide.  But  near  the  land  this  almost  insensi- 
ble mere  oscillatory  motion  is  transformed  into  the  bodily  travelling 
of  immense  masses  of  water,  which  flow  in  upon  the  shallows  and 
then  out  again  to  sea  with  a  great  amount  of  fluid  friction ;  and  this 
involves  the  expenditure  of  a  very  considerable  amount  of  energy 
which  is  dissipated  as  heat.  From  what  sources  does  this  energy 
come  ?  The  answer  is  that  it  must  be  derived  mainly  from  the 
earth'' s  energy  of  rotation,  and  the  necessary  effect  is  to  diminish  that 
energy  by  lessening  the  speetl  of  the  rotation.  Compared  with  the 
earth's  whole  stock  of  rotational  energy,  however,  the  loss  of  it  by 
tidal  friction,  even  in  a  century,  is  very  small,  and  the  effect  on  the 
length  of  the  day  is  extremely  slight. 

The  reader  will  recall  the  remarks  upon  the  subject  of  the  secular  accel- 
eration of  the  moon's  mean  motion  a  few  pages  back  (Art.  461). 

While  it  is  certain  that  the  tidal  friction  tends  to  lengthen  the  day, 
it  does  not  follow  that  the  day  really  grows  longer.  There  are 
counteracting  causes :  —  for  example,  the  earth's  radiation  of  heat 
into  space,  and  the  consequent  shrinkage  of  her  volume. 

As  matters  stand  we  do  not  know  whether,  as  a  fact,  the  day  is 
really  longer  or  sliorter  than   it  was  a  thousand  years  ago.     The 
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change,  if  any  has  really  occurred,  can  hardly  be  as  great  as  y^^ 
of  a  second. 

484.    Effect  of  the  Tide  on  the  Moon's  Motion.  —  Not  only  does 
the  tide  diminish  the  earth's  energy  of  rotation  directly  by  the  tidal 

friction,  but,  theoretically,  it  also  communicates 
a  minute  portion  of  that  energy  to  the  moon.  It 
will  be  seen  that  a  tidal  wave,  situated  as  in  Fig. 
ir)8,  would  slightly  accelerate  the  moon's  motion, 
the  attraction  of  the  moon  by  the  tidal  protuber- 
ance F  being  slightly  greater  than  that  of  the 
tide  wave  at  F' —  a  difference  tending  to  draw 
it  along  in  its  orbit  a  little,  thus  increasing  the 
major  axis  of  the  moon's  orbit.  The  tendency 
is  therefore  to  make  the  moon  recede  from  the 
earth,  and  to  lengthen  the  month. 


Upon  this  interaction  between  the  tides  and 
the  motions  of  the  earth  and  moon  Professor 
George  Darwin  has  founded  his  theory  of  "tidal 
evolution  "  ;  namely,  that  the  satellites  of  a  planet, 
having  separated  from  it  millions  of  years  ago, 
have  been  made  to  recede  to  their  present  dis- 


FiG.  158. 

Effect  of  the  Tide  un  the 
Mooa'a  Motion. 


tances  by  just  such  an  action. 

An  excellent  popular  statement  of  the  theory  will  be  found  in  the  closing 
chapters  of  Ball's  "  Stor\'  of  the  Heavens.'*  The  original  papers  of  Mr.  Damtin 
in  the  "  Philosophical  Transactions  **  are  of  course  intensely  mathematical. 
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CHAPTER  Xm. 

THE  PLANETS :  THEIR  MOTIONS,  APPARENT  AND  REAL.  — 
THE  PTOLEMAIC,  TYCHONIC,  AND  COPERNICAN  SYSTEMS. 
—  THE  ORBITS  AND  THEIR  ELEMENTS.  —  PLANETARY 
PERTURBATIONS. 

486.  For  the  most  part,  the  stars  keep  their  relative  configurations 
unchanged,  however  much  they  alter  their  positions  in  the  sky  from 
hour  to  hour.  The  ^^ dipper"  remains  always  a  ^'dipper"  in  what- 
ever part  of  the  heavens  it  may  be.  But  while  this  is  true  of  the 
stars  in  general,  certain  of  the  heavenly  bodies,  and  among  them 
those  that  are  the  most  conspicuous  of  all,  form  an  exception.  The 
sun  and  moon  continually  change  their  places,  moving  eastward 
among  the  stars ;  and  certain  others,  which  to  the  eye  appear  as  very 
brilliant  stars,  also  move,^  though  not  in  quite  so  simple  a  way. 

486.  These  bodies  were  named  by  the  Greeks  the  "^planets" ;  that 
is,  "  wanderers."  The  ancient  astronomers  counted  seven  of  them. 
They  reckoned  the  sun  and  moon,  and  in  addition  Mercury,  Venus, 
Mars,  Jupiter,  and  Saturn. 

Venus  and  Jupiter  are  at  all  times  more  brilliant  than  any  of  the 
fixed  stars.  Mars  at  times,  but  not  usually,  is  nearly  as  bright  as 
Jupiter  ;  and  Saturn  is  brighter  than  all  but  a  very  few  of  the  stars. 
Mercury  is  also  bright,  but  seldom  seen,  because  always  near  the  sun. 

At  present  the  sun  and  moon  are  not  reckoned  as  planets;  but 
the  roll  includes,  in  addition  to  the  five  other  bodies  known  by  the 
ancients,  the  earth  itself,  which  Copernicus  showed  should  be  counted 
among  them,  and  also  two  new  bodies  of  great  magnitude  (though 
inconspicuous  because  of  their  distance)  which  have  been  discovered 
in  modern  times  ;  then  there  is  in  addition  a  host  of  so-called  ^^  aste- 
roids'* which  circulate  in  the  otherwise  vacant  space  between  the 
planets  Mars  and  Jupiter. 


'  When  we  speak  of  the  motion  of  the  planets,  the  reader  will  understand  that 
the  diurnal  motion  is  not  taken  into  account.  We  speak  of  their  motions  among 
the  stars. 
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487.  The  list  of  the  planets  in  the  order  of  distance  from  the  sun 
stands  thus  at  present :  Mercury,  Venus,  the  Earth,  Mars,  Jupiter, 
Saturn,  Uranus,  and  Neptune ;  and  between  Mars  and  Jupiter,  in  the 
place  where  a  planet  would  naturally  be  expected  to  revolve,  there 
are  at  present  known  nearly  300  little  planets,  which  probably  repre- 
sent a  single  one,  somehow  ^'  spoiled  in  the  making,"  so  to  speak,  or 
burst  into  fragments. 

The  planets  are  all  dark  bodies,  shining  only  by  reflected  sun- 
light,—  globes  which;  like  the  earth,  revolve  around  the  sun  in 
orbits  nearly  circular,  moving  all  in  the  same  direction,  and  (with 
some  exceptions  among  the  asteroids)  nearly  in  the  common  plane  of 
the  ecliptic  and  sun's  equator.  All  of  them  but  the  inner  two  and  the 
asteroids  are  also  attended  by  ^^  satellites."  Of  these  the  earth  has  one 
(the  moon) ,  Mars  two,  Jupiter  four,  Saturn  eight,  Uranus  four,  and 
Neptune  one  ;  i.e.,  so  far  as  at  present  known ;  for  although  it  is  hardly 
probable,  it  is  not  at  all  impossible  that  others  may  3'et  be  found. 

488.  Selatiye  Distances  of  Planets  from  the  Sun:  Bode's  Law. 
—  There  is  a  curious  approximate  relation  between  the  distances 
of  the  planets  from  the  sun,  which  makes  it  easy  to  remember  them. 
It  is  usually  known  as  Bode's  Law,  because  Bode  first  brought  it 
prominently  into  notice  in  1772,  though  Titius  of  Wittenberg  seems 
to  have  discovered  and  enunciated  it  some  years  earlier.  The  law  is 
this :  Write  a  series  of  4's.  To  the  second  4  add  3  ;  to  the  third  add 
3  X  2,  or  6 ;  to  the  fourth,  3x4,  or  12 ;  and  so  on,  doubling  the 
added  number  each  time,  as  in  the  accompanying  scheme. 
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The  resulting  numbers,  divided  by  10,  are  pretty  nearly  the  true 
mean  distances  of  the  planets  from  the  sun,  in  terms  of  the  radius 
of  the  earth's  orbit.  In  the  case  of  Neptune,  however,  the  law 
breaks  down  utterly,  and  is  not  even  approximately  correct. 

For  the  present,  at  least,  the  law  is  to  be  regarded  as  a  mere 
coincidence,  there  being  so  far  no  reasonable  explanation  of  any 
such  numerical  relation. 

The  general  expression  for  the  nth  term  of  the  series  is  4  +  3x2<*"*>; 
but  it  does  not  hold  good  of  the  first  term,  which  is  simply  4,  instead  of 
being  5|,  t.«.,  (4  +  3  x  2*^),  as  it  should  be. 
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489.    Table  of  Hamei,  DutaocM,  and  Pwiods. 


N*M. 

«™«.. 

B,„»c. 

BODI. 
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8th. 
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Venui 
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Mam 

9 
9 
© 

0.387 
0.723 
1.000 
U23 

0.4 
0.7 
1.0 
1.6 

-0.013 
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-0.077 

88*    or        3" 
224.7''  or  7  4l- 
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687'     orlMO:- 

116- 
684- 

780* 

Mean  A«leroid 

2.660 

2.8 

-0.160 

37.1  to  BT.0 

varioo. 

Jnpiler   .... 

Saturp  

Uranu« 

Neptune .... 

6.202 
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10.183 

30.0H 

6.2 

10.0 
1B.8 
38.8 

+  0.002 
-0.481 
-0.417 
-8.7461 

1U.9 
207.6 
847.0 
16*7.8 

309- 
378- 
370* 
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The  column  beaded  "  Bode  "  girea  the  distance  according  to  Bode'*  law ;  the 
column  headed  "  DiS.,"  the  difference  between  the  true  diilance  and  that  given  b; 
Bode'4  law. 
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490.  Fig.  159  shows  the  smaller  orbits  of  the  system  (including  the  orbit 
of  Jupiter)  drawn  to  scale,  the  radius  of  the  earth's  orbit  being  taken  as  one 
centimetre.  On  this  scale  the  diameter  of  Saturn's  orbit  would  be  19*^  .08, 
that  of  Uranus  would  be  38«».36,  and  that  of  Neptune,  60«».ll.  The 
nearest  fixed  star  on  the  same  scale  would  be  about  a  mile  and  a  quarter 
away.  It  will  be  seen  that  the  orbits  of  Mercury,  Mars,  and  Jupiter  are 
quite  distinctly  "  out  of  centre  "  with  respect  to  the  sun.  This  is  intentional 
and  correct.  The  dotted  half  of  each  orbit  is  that  which  lies  below,  i.e., 
south  of,  the  plane  of  the  ecliptic.  The  place  of  perihelion  of  each  planet's 
orbit  is  marked  with  a  P.  The  orbits  of  five  of  the  asteroids,  includ- 
ing the  nearest  and  the  most  remote,  as  well  as  the  most  eccentric,  are  also 
given. 

Periods.  —  The  sidereal  period  of  a  planet  is  the  time  of  its  revola- 
tion  around  the  sun  from  a  star  to  the  same  star  again,  as  seen  from 
the  sun.  The  synodic  period  is  the  time  between  two  successive  con- 
junctions of  the  planet  with  the  sun,  as  seen  from  the  earth.  The 
sidereal  and  synodic  periods  are  connected  by  the  same  relation  as 
the  sidereal  and  synodic  months  (Art.  232)  ;  namely,  — 

S     P     E' 

in  which  Ey  P,  and  S  are  respectively  the  periods  of  the  earth  and  of 
the  planet,  and  the  planet's  synodic  period,  and  the  numerical  differ- 
ence between  —  and  —  is  to  be  taken  without  regard  to  sign.     The 

P         E 

two  last  columns  of  the  table  in  Article  489  give  the  approximate 
periods,  both  sidereal  and  synodic,  for  the  different  planets. 

491.  Apparent  Motions.  — As  viewed  from  a  distant  |x)int  on  the 
line  drawn  through  the  sun,  perpendicular  to  the  plane  of  the  eclip- 
tic, the  planets  would  be  seen  to  travel  in  their  nearly  circular  orbits 
with  a  regular  motion.  As  seen  from  the  earth  the  apparent  motion 
is  much  more  complicated,  being  made  up  of  their  real  motion  around 
the  sun  combined  with  an  apparent  motion  due  to  the  earth's  own 
movement. 

492.  Law  of  Belative  Motion.  —  The  motion  of  a  body  relative 
to  the  earth  can  be  very  simply  stated.  It  is  always  the  same  as  if 
the  body  Aad,  combined  with  its  own  motiouj  another  motion^  identical 
with  that  of  the  earthy  but  reversed. 
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The  proof  of  this  is  simple.  I^t  E,  Fig.  160,  be  the  earth,  and  P  the 
planet,  their  direction  and  distance  being  given  by  the  line  EP,  Let  E  have 
a  motion  which  will  take  it  to  £'  in  a  unit  of  time,  and  P  a  motion  which 
will  take  it  to  P'  in  the  same  time.  Then  at  the  end  of  a  unit  of  time  the 
distance  and  direction  of  P  from  E  will  be  given  by  the  line  E*P\  But  if 
we  suppose  E  to  remain  at  rest,  and  give  to  P  a  motion  Pe  equal  to  EE^  but 


Fio.  160.  —  The  Relative  MoUona  of  Two  Bodiea. 

opposite  in  direction,  and  combine  this  motion  with  PP*  by  drawing  the 
parallelogram  of  motions,  we  shall  get  P"  for  the  resulting  place  of  P  at 
the  end  of  the  unit  of  time ;  and  because  the  line  £P"  is  parallel  and  equal 
to  E'P^  (as  follows  from  the  construction),  the  point  P",  as  seen  from  E, 
would  occupy,  in  the  celestial  sphere,  precisely  the  same  position  as  P'  seen 
from  E' ;  since  all  parallel  lines  pierce  the  sphere  at  one  and  the  same  opti- 
cal point  (Art.  7). 

If,  therefore,  the  earth  moves  in 
a  circle,  every  body  really  at  rest 
will  appear  to  move  in  a  circle  of 
the  same  size  as  the  earth's  orbit, 
but  keeping  in  such  a  part  of  its  f  / 
circle  as  always  to  have  its  motion 
precisely  opposite  to  the  earth's 
own  real  motion  at  the  moment. 
We  shall  have  occasion  to  use  this 
principle  very  frequently. 

493.  Effect  of  the  Combination 
of  the  Earth's  Motion  with  that  of 
the  Planet.  —  As  a  consequence, 
the  apparent  or  "  geocentric  "  motion 
of  a  planet  must  be  made  up  of  two  motions,  —  that  of  a  l)ody  moving 
once  a  year  around  the  circumference  of  a  circle  equal  to  the  earth's 


VUi.  161. 

Geocentric  MoUod  of  Jupiter  from  1708  to 
1720.    (Caaainl.) 
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orbit,  while  the  centre  of  this  circle  itself  goes  around  the  sun  upon 
the  real  orbit  of  the  planet,  and  with  a  periodic  time  equal  to  that  of 
the  planet.  Jupiter,  for  instance,  appears  to  move  as  in  Fig.  161, 
making  eleven  loops  in  each  revolution,  the  smaller  circle  having  a 
diameter  of  about  one-fifth  that  of  the  larger  one,  upon  which  its 
centre  moves,  since  the  diameter  of  Jupiter's  orbit  is  about  five  times 
that  of  the  earth's. 

494.  Direct  and  Betrograde  Motions  of  the  Planets  and  Stationary 
Points.  —  As  a  consequence  of  this  looped  motion  we  have  the  pecu- 
liar back-and-forth  movement  of  the  planets  among  the  stars  which 


Superior  Coi\junetion 


OppoHtion 
Fio.  162. '-  Planetary  CoDAgurationt  and  Aapeeto. 

has  been  described.  Starting  from  the  time  when  the  sun  is  between 
us  and  the  planet,  —  the  time  of  superior  conjunction,^  as  it  is  called, 
because  the  planet  is  then  above  the  sun,  t.e.,  further  from  the  earth, 


1  We  f^ive  Fig.  162  to  illustrate  the  meaning  of  the  different  terms,  Oppoiiticm, 
Quadrature,  Inferior  and  Superior  Conjunction,  and  Greatest  Elongation,  E  is  the 
position  of  the  earth,  the  inner  circle  being  the  orbit  of  an  inferior  planet,  while 
the  outer  circle  is  the  orbit  of  a  superior  planet.  In  general,  the  angle  PES  (the 
angle  at  the  earth  between  lines  drawn  from  the  earth  to  the  planet  and  to  the 
sun)  is  the  planet's  elongation  at  the  moment.  For  a  superior  planet  it  can  have 
any  value  from  zero  to  180^ ;  for  an  inferior  it  has  a  maximum  valoe  that  the 
planet  cannot  exceed,  depending  upon  the  diameter  of  its  orbit 
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—  the  planet  moves  eastward  among  the  stars  for  a  certain  time,  con- 
tinaally  increasing  its  longitude  (and  also  its  right  ascension)  until  at 
last  its  apparent  motion  slackens  and  becomes  stationary.  The  dis- 
tance of  this  stationary  point  from  the  sun  depends  upon  the  size  of 
the  planet's  orbit  compared  with  that  of  the  earth. 

Then  it  reverses  its  motion  and  moves  westward,  or  ^^  retrogrades j*' 
for  a  while,  the  middle  of  the  arc  of  retrogression  being  passed  at  the 
time  when  the  earth  and  planet  are  in  line  with  the  sun^  and  on  the 
same  side  of  it.  If  the  planet  is  one  of  the  outer  ones,  it  will  then 
be  opposite  to  the  sun  in  the  sky  like  the  full  moon,  and  is  said  to  be 
'^  in  opposition."  If  the  planet  is  one  of  the  inferior  planets  (Venus 
or  Mercury),  it  will  then  be  in  "  inferior  conjunction^"  as  it  is  called, 
between  the  earth  and  sun. 

After  the  planet  has  completed  its  arc  of  retrogression,  it  again 
becomes  stationary,  turns  upon  its  course,  and  once  more  advances 
eastward  among  the  stars,  until  the  synodic  period  is  completed  by 
its  re-arrival  at  superior  conjunction. 

Both  in  the  number  of  degrees  passed  over,  and  in  the  time  spient 
in  this  motion,  the  eastward  or  ^''direct"  motion  always  exceeds  the 
retrograde.  In  the  case  of  the  remoter  planets  the  excess  is  small  — 
from  3^  to  10° ;  in  the  case  of  the  nearest  ones.  Mars  and  Venus,  it 
is  from  16°  to  18°. 

As  observed  with  a  sidereal  clockj  all  the  planets  come  later  to  the 
meridian  each  night  when  moving  direct,  since  their  right  ascension  is 
then  increasing ;  but  vice  versa,  of  course,  when  they  are  retrograding. 

495.  Motion  of  the  Planets  with  Bespect  to  the  Sun's  Place  in  the 
Sky.  Change  of  Elongation.  —  The  visibility  of  a  planet  depends 
mainly  uix)n  its  angular  distance,  or  ^^^  elongation  "  from  the  sun,  be- 
cause when  near  the  sun  the  planet  will  be  above  the  horizon  only  by 
day,  and  cannot  usually  be  seen.  As  regards  their  motions,  consid- 
ered from  this  point  of  view,  there  is  a  marked  difference  between 
the  inferior  planets  and  the  superior. 

496.  Behavior  of  a  Superior  Planet.  — The  superior  planets  drop 
always  steadily  westward  with  respect  to  the  sun's  place  in  the  heavens, 
continually  increasing  their  western  elongation,  or  deci*easing  their 
eastern :  they  therefore  invariably  come  earlier  to  the  meridian  every 
successive  night,  as  observed  by  a  time-piece  keeping  solar  time. 

Beginning  at  superior  conjunction,  the  planet  is  then  moving  eastward 
among  the  stars  with  its  greatest  speed ;  but  even  then  its  eastward  motion 
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b  not  so  great  as  the  sun's,  and  so  the  planet  relatively  falls  westward.  After 
a  while  it  will  have  fallen  behind  by  90^,  and  will  then  be  in  western  quad- 
rature, and  on  the  meridian  at  sunrise ;  at  the  end  of  half  its  synodic  period 
it  will  have  lost  180^,  and  will  be  just  opposite  the  sun  at  sunset,  being  then 
at  its  least  possible  distance  from  the  earth,  and  at  its  greatest  brilliance. 
At  this  time  the  difference  between  the  times  of  its  daily  culminations  is 
also  the  greatest  possible,  and  may  be  as  much  (in  the  case  of  Mars)  as  six 
minutes,  by  which  amount  it  arrives  at  the  meridian  earlier  each  successive 
night.  After  opposition  the  planet  is  higher  in  the  sky  each  night  at  sunset 
until  it  reaches  eastern  quadrature,  when  it  is  90^  east  of  the  sun,  and 
therefore  on  the  meridian  at  sunset.  Thence  it  drops  back,  falling  more 
and  more  slowly  westwards  towards  the  sun,  until  the  synodic  period  la 
completed  by  a  new  conjunction. 

497.  Motion  of  an  Inferior  Planet.  —  The  inferior  planets  appear, 
on  the  other  hand,  to  vibrate  across  the  sun,  moving  out  equal  dis- 
tances on  each  side  of  it,  but  making  the  westward  swing  mnch 
quicker  than  the  eastern. 

The  reason  of  this  difference  is  obvious  from  Fig.  1G2.  Matters 
take  place  with  respect  to  the  earth,  sun,  and  planet  as  if  the  earth 
were  at  rest,  and  the  planet  revolving  around  the  sun  once  in  a  gyn- 
odic  (not  sidereal)  period.  Now,  since  the  distance  between  the 
points  of  greatest  elongation,  Vand  F',  is  less  through  inferior  con- 
junction /,  than  from  V*  around  to  V  through  C,  the  time  ought  to 
be  correspondingly  shorter,  as  it  is. 

At  superior  conjunction  the  planet  is  moving  eastward  faster  than  the 
sun.  Accordingly,  it  creeps  out  to  the  east  from  the  sun's  rays,  becoming 
visible  in  the  twilight  as  an  evening  star.  As  long  as  its  direct  motion  is 
greater  than  the  sun's  it  keeps  receding  from  it  until  it  reaches  its  **  greatest 
eastern  elongation^**  as  it  is  called,  which  could  in  no  case  be  greater  than  90°, 
even  if  the  planet's  distance  from  the  sun  were  almost  equal  to  that  of  the 
earth.  (In  the  case  of  Venus  it  is  actually  al)out  47°,  while  for  Mercury  it 
ranges  from  18°  to  28°. )  Then  as  its  eastern  motion  slackens  the  sun  begins 
to  overtake  it,  and  when  the  planet  l>ecomes  really  stationary  as  regards  its 
motion  among  the  stars,  it  ap|>ears  to  be  slipping  westward  towards  the  sun 
at  the  rate  of  about  a  degroc  a  day.  At  the  stationary  point  it  begins  really 
to  retrograde,  and  adds  its  motion  to  the  sun's  advance,  so  that  from  that 
point  it  rushes  swiftly  towards  the  inferior  conjunction.  It  passes  this  and 
runs  out  quickly  on  the  western  side,  becoming  a  morning  star,  and  reach- 
ing its  western  elongation  in  just  the  same  number  of  days  that  it  took  to 
drop  from  eastern  elongation  to  inferior  conjunction.  When  the  elongation 
has  been  gained,  the  planet  turns  around  to  pursue  the  sun,  gradually  gains 
\x\Kin  it,  and  at  last  overtakes  it  again  at  the  next  superior  conjunction,  hay- 
ing completed  its  synodic  period. 
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489.  Motions  in  Latitude.  —  If  the  planets'  orbits  lay  precisely  in 
the  same  plane  with  each  other  and  with  the  earth's  orbit,  they  would 
always  keep  in  the  ecliptic.     But  in  fact,  while  they  never  go  fat 
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from  that  circle,  they  do  deviate  north  or  south  to  the  extent  of 
5°  or  6°,  and  Mercury  sometimes  as  much  as  8°  ;  their  paths  among 
the  stars  are  consequently  loops  and  kinks  like  those  of  Fig.  163, 
which  represent  forms  actually  observed. 

600.  The  Ptolemaic  System.  —  The  ancient  astronomers,  for  the 
most  part,  never  doubted  the  fixity  of  the  earth,  and  its  position  in 
the  centre  of  the  celestial  universe,  though  there  are  some  reasons  to 
think  that  Pythagoras  may  have  done  so.  Assuming  this  and  the 
actual  diurnal  revolution  of  the  heavens,  Ptolem}^  who  flourished  at 
Alexandria  about  140  a.d.,  worked  out  the  system  which  bears  his 
name.  His  McyoXiy  Surro^ts  (or  Almagest  in  Arabic)  was  for  fourteen 
centuries  the  authoritative  *'  Scripture  of  Astronomy."  He  showed 
that  all  the  apparent  motions  of  the  planets  could  be  accounted  for  by 
supposing  each  planet  to  move  around  the  circumference  of  a  circle 
called  the  ^^epiq^cle,**  while  the  centre  of  this  circle,  sometimes 
called  the  ^''fictitious  planet^**  itself  moved  on  the  circumference  of 
another  and  larger  circle  called  tiie  "  deferent.**  It  was  as  if  the 
real  planet  was  carried  on  the  end  of  a  crank-arm  which  turned 
around  tlie  fictitious  planet  as  a  centre,  in  such  a  way  as  to  point 
towards  or  from  the  earth  at  times  when  the  planet  is  in  line  with  the 
sun. 

In  the  case  of  the  superior  planets  the  revolution  in  the  epicycle  was 
made  once  a  year,  so  that  the  "  crank-arm  "  was  always  parallel  to  the  line 
joining  earth  and  sun,  while  the  motion  around  the  deferent  occupied  what 
we  now  call  the  planet's  period.  Fig.  164  represents  the  Ptolemaic  System, 
except  that  no  attention  is  paid  to  dimensions,  the  *'  deferents  ^  being  spaced 
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at  equal  distances.  It  will  be  noticed  that  the  epicycle-radii  which  carry  at 
their  extremities  the  planets  Mars,  Jupiter,  and  Saturn  are  all  always  parallel 
to  the  line  that  joins  the  earth  and  sun.  In  the  case  of  Venus  and  Mercury 
this  was  not  so.  Ptolemy  supposed  that  the  deferent  circles  for  these  planets 
lay  between  the  earth  and  the  sun,  and  that  the  "  fictitious  planet "  in  both 


Fig.  164.  —  The  Ptolemaic  System. 

cases  revolved  in  the  deferent  once  a  year,  always  keeping  exactly  between 
the  earth  and  the  sun :  the  motion  in  the  epicycle  in  this  case  was  completed 
in  the  time  of  the  planet's  period,  as  we  now  know  it.  He  ought  to  have 
seen  that,  for  these  two  planets,  the  deferent  was  really  the  orbit  of  the 
sun  itself,  as  the  ancient  Egyptians  are  said  to  have  understood. 

601 .  To  account  for  some  of  the  irregularities  of  the  planets'  motions 
it  was  necessary  to  suppose  that  both  the  deferent  and  epicycle,  though 
circular,  are  eccentric,  the  earth  not  being  exactly  in  the  centre  of  the 
deferent,  nor  the  ^^  fictitious  planet "  in  the  exact  centre  of  the  epicycle. 
In  after  times,  when  the  knowledge  of  the  planetary  motions  had  become 
more  accurate,  the  Arabian  astronomers  added  epicycle  upon  epicycle  until 
the  syst^^m  became  very  complicated.  King  Alphonso  of  Spain  is  said  to 
have  remarked  to  the  astronomers  who  pre.sented  to  him  the  Alphonsine 
tables  of  the  planetary  motions,  which  had  been  computed  under  his  orders, 
that  '*  if  he  had  been  present  at  the  creation  he  would  have  given  some  good 
atlvice.** 

602.  Some  of  the  ancient  astronomers  attempted  to  account  for  the  plan- 
etary and  stellar  motions  in  a  mechanical  way  by  means  of  what  were  called 
the  '* crystalline  spheres**    The  planet  Jupiter,  for  instance,  was  supposed  to 
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be  set  like  a  jewel  on  the  surface  of  a  small  globe  of  something  like  glass,  and 
this  itself  was  set  in  a  hollow  made  to  fit  it  in  the  thick  shell  of  a  still  larger 
sphere  which  surrounded  the  earth.  Thus  the  planets  were  supported  and 
carried  by  the  motions  of  these  invisible  crystalline  spheres ;  but  this  idea, 
though  prevalent,  was  by  no  means  universally  accepted. 

503.  Copemican  SyBtem. — Copernicus  (1473-1543)  asserted  the 
diurnal  rotation  of  the  earth  on  its  axis,  and  showed  that  it  would 
fully  account  for  the  apparent  diurnal  revolution  of  the  stars.  He 
also  showed  that  nearly  all  the  known  motions  of  the  planets  could 
l>e  accounted  for  by  supposing  them  to  revolve  around  the  sun,  with 
the  earth  as  one  of  them,  in  orbits  circular,  but  slightly  out  of  centre. 
His  system,  as  he  left  it,  was  nearly  that  which  is  accepted  to-day, 
and  Fig.  159  may  be  taken  as  representing  it.  He  was,  however, 
obliged  to  retain  a  few  small  epicycles  to  account  for  certain  of  the 
irregularities. 

So  far,  no  one  dared  to  doubt  the  exact  circularity  of  celestial 
orbits.  It  was  metaphysically  improper  that  heavenly  bodies  should 
move  in  any  but  perfect  curves,  and  the  circle  was  regarded  as  the 
only  perfect  one.  It  was  left  for  Kepler,  some  sixty-five  years  later 
than  Copernicus,  to  show  that  the  planetary  orbits  are  elliptical,  and  to 
bring  the  system  substantially  into  the  form  in  which  we  know  it  now. 

604.  Tychonio  System.  —  Tycho  Brahe,  who  came  between  Copernicus 
and  Kepler,  found  himself  unable  to  accept  the  Copemican  system  for  two 
reasons.  One  reason  was  that  it  was  unfavorably  regarded  at  Rome,  and 
he  was  a  good  churchman.  The  other  was  the  scientific  objection  that  if 
the  earth  moved  around  the  sun,  the^ed  stars  all  ought  to  appear  to  move  in 
a  corresponding  manner^  each  star  describing  annually  a  circle  or  oval  in  the 
heavens  of  the  same  apparent  dimensions  as  the  earth's  orbit  itself,  seen 
from  the  star.  Technically  speaking,  they  ought  to  have  an  ^^  annual  paral- 
lax** His  instruments  were  by  far  the  most  accurate  that  had  so  far  been 
made,  and  he  could  detect  no  such  parallax ;  hence  he  concluded,  not  illogi- 
cally  but  incorrectly,  that  the  earth  must  be  at  rest.  He  rejected  the  Coper- 
nican  system,  placed  the  earth  at  the  centre  of  the  universe,  according  to 
the  then  received  interpretation  of  Scripture,  made  the  sun  revolve  around 
the  earth  once  a  year,  and  then  (this  was  the  peculiarity  of  his  system)  made 
all  the  planets  except  the  eartli  revolve  around  the  sun. 

This  theory  just  as  fully  accounts  for  all  the  motions  of  the  planets  as 
the  Copemican,  but  breaks  down  absolutely  when  it  encounters  the  aberra- 
tion of  light,  and  the  annual  parallax  of  the  stars,  which  we  can  now  detect 
with  our  modern  instruments,  although  he  could  not  do  it  with  his.  The 
Tychonic  system  never  was  generally  accepted;  the  Copemican  was  very 
soon  firmly  established  by  Kepler  and  Newton. 
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505.  Elements  of  a  Planet's  Orbit.  —  These  elements  are  the 
numerical  quantities  which  must  be  given  in  order  to  describe  the 
orbit  with  precision,  and  to  furnish  the  means  of  finding  the  planet's 
place  in  the  orbit  at  anv  given  time,  whether  past  or  fntore.  They 
are  seven  in  number,  as  follows :  — 

1 .  The  semi-major  axis,  a. 

2.  The  eccentricity,  e. 

3.  The  inclination  to  the  ecliptic,  i. 

4.  The  longitude  of  the  ascending  node,  Q. 

5.  The  longitude  of  perihelion,  x. 

6.  The  epoch,  E. 

7.  The  period  P,  or  daily  motion  ft. 

606.  Of  these,  the  first  five  pertain  to  the  orbit  itself,  regarded  as 
an  ellipse  lying  in  space  with  one  focus  at  the  sun,  while  two  are 
necessary  to  determine  the  planet's  place  in  the  orbit. 

The  semi-major  axis^  a  (^CA  in  Fig.  1G5),  defines  the  Size  of  the 


Fig.  105.  —  The  Elements  of  a  Planet's  Orbit. 


orbit,  and  may  be  expressed  cither   in    *' astronomical   units"  (the 
cartirs  mean  distance  from  the  sun  is  the  astronomical  unit)  or  in 
miles. 
The  Eccentricity  defines  the  orbit's  Form.     It  is  a  mere  numerical 

quantity,  l>eing  the  fraction  -  (usually  expressed  decimally),  obtained 

by  dividing  the  distance  between  the  sun  and  the  centre  of  the  orbit 
by  the  semi-major  axis.  In  some  computations  it  is  convenient  to 
use,  instead  of  the  decimal  fraction  itself,  the  angle  ^  which  has  e  for 
its  :qnf  ;  /.f.,  </>  =  sin   *6. 
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The  third  element,  i,  is  the  Inclination  between  the  plane  of  the 
planet's  orbit  and  that  of  the  earth.  In  the  figure  it  is  the  angle 
KNOj  the  plane  of  the  ecliptic  being  lettered  EKLM. 

The  fourth  element,  (2  (^^'^  Longitude  of  the  ascending  node)^ 
defines  what  has  been  called  the  ^^  aspect'*  of  the  orbit-plane ;  i.e., 
the  direction  in  which  it  faces.  The  line  of  nodes  is  the  line  NN*  in 
the  figure,  the  intersection  of  the  two  planes  of  the  orbit  and  ecliptic ; 
and  the  angle  ^SN  is  the  longitude  of  the  ascending  node,  the 
line  5t  being  the  line  drawn  from  the  sun  to  the  first  of  Aries.  The 
planet,  moving  around  its  orbit  in  the  plane  OBBTy  and  in  the  direc- 
tion of  the  arrow,  passes  from  the  lower  or  southern  side  of  the  plane 
of  the  ecliptic  to  the  northern  at  the  point  n,  which,  as  seen  from  /S, 
is  in  the  same  direction  as  N. 

The  fifth,  and  last,  of  the  elements  which  belong  strictly  to  the 
orbit  itself  is  ir,  the  so-called  Longitude  of  the  perihelion^  which  de- 
fines the  direction  in  which  the  major  axis  of  the  ellipse  (the  line  PA) 
lies  on  the  plane  OEBT.  It  is  not  strictly  a  longitude,  but  equals 
the  sum  of  the  two  angles  Q  and  oi ;  i.e.,  ^SN  (in  the  plane  of  the 
ecliptic)  -f  NSP  (in  the  plane  of  the  orbit).  It  is  quite  suflQcient 
to  give  (II  alone,  and  in  the  case  of  cometary  orbits  this  is  usually 
done. 

507.  If  we  regard  the  orbit  as  an  oval  wire  hoop  suspended  in 
space,  these  five  elements  completely  define  its  position,  form,  and 
size.  The  j^ane  of  the  orbit  is  fixed  by  the  elements  numbered  three 
and  four,  the  position  of  the  orbit  in  this  plane  by  number  five,  the 
form  of  it  by  number  two,  aud  finally  its  magnitude  by  number  one. 

The  student  will  recollect  that  the  general  equation  of  curves 
of  the  second  degree  (the  conies)  in  analytical  geometry  contains  five 
constants,  and  therefore  that  number  of  data  is  enough  to  define  such 
a  curve  completely. 

608.  To  determine  where  the  planet  will  be  at  any  subsequent  date 
we  need  two  more  elements. 

Sixth.  The  Periodic  Time,  —  we  must  have  the  sidereal  period,  P, 
or  else  the  mean  daily  motion,  /i,  which  is  simply  360®  divided  by 
the  number  of  days  in  P. 

Seventh.  And  finally  ;  we  must  have  a  starting-point,  the  '*  Epoch,** 
so-called ;  i,e,,  the  longitude  of  the  planet  as  seen  from  the  sun,  at 
some  given  date,  usually  Jan.  Ist,  1850  or  1000,  or  else  some  precise 
date  at  which  the  planet  passed  the  periheliou  or  node. 
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509.  If  it  were  not  for  perturbations  caused  by  the  mutual  interaction 
between  the  planets,  these  elements  would  never  change,  and  could  be  used 
directly  for  computing  the  planet's  place  at  any  date  in  the  past  or  in  the 
future ;  but,  excepting  a  and  P,  they  do  change  on  account  of  such  interac- 
tion, and  accordingly  it  is  usual  to  add  in  tables  of  the  planetary  elements, 
columns  headed  AS2«  Air,  At,  and  A^,  giving  the  amount  by  which  the 
quantities  Slf  ^>  h  ^ud  e  respectively  change  in  a  century. 

610.  If  Kepler's  harmonic  law  were  strictly  true,  we  should  not  need 
both  a  and  P,  because  we  should  have 

(Earth's  Period)^ :  P«  : :  1' :  a',  or  P  =  a*, 

P  being  expressed  in  years  and  a  in  astronomical  units.     But  since  the  exact 
form  of  the  equation  is 

P{^(l-¥  m,)  :  P,2  (1  +  ;^)  : :  «!« :  a,«  (Art.  417), 

it  is  necessary,  in  cases  where  the  highest  attainable  accuracy  is  required,  to 
regard  P  and  a  as  independent,  and  give  them  both  in  the  tables. 

611.  Oeocentric  Place.  — Our  observations  of  a  planefs  place  are 
necessarily  '•*' geocentric^"  or  earth-centred;  they  give  us,  when  prop- 
erly corrected  for  refraction  and  parallax,  the  planet's  right  ascension 
and  declination  as  seen  from  the  centre  of  the  earth,  and  from  them, 
if  desired,  the  corresponding  geocentric  longitude  and  latitude  are 
easily  obtained  by  the  method  explained  in  Article  180. 

It  often  happens  that  we  want  the  place  at  some  moment  of  time  when  the 
planet  could  not  be  directly  observed,  as,  for  instance,  hi  the  day  time.  If  we 
have  a  series  of  observations  of  the  planet  made  about  that  time,  the  place  for 
the  exact  moment  is  readily  deduced  by  a  process  of  interpolation ,  and  with 
an  accuracy  actually  exceeding  that  of  any  single  observation  of  the  series. 

Graphically  it  is  done  by  simply  plotting  the  observations  actually  made. 
Suppose,  for  instance,  we  want  the  right  ascension  of  Mars  for  8  a.m.  on 
June  3,  and  have  meridian-circle  obser^'ati()n8  made  at  10  o'clock  p.m.  on 
June  1,  at  0*»  .").'>'"  on  June  2,  at  0^  50™  on  Juno  3,  and  so  on.  We  first  lay  off 
the  times  of  observation  as  abscissas  along  a  horizontal  line  taken  as  the 
time-scale,  and  then  lay  off  the  observed  right  ascensions  as  ordinates  at 
jx)ints  corresix)nding  to  the  times.  Then  we  draw  a  smooth  curve  through 
the  points  so  determined,  and  from  this  curve  we  can  read  off  directly,  the 
right  ascension  corresponding  to  any  desired  moment:  similarly  for  the 
declination.  Of  course,  what  can  be  done  graphically  can  be  done  still 
more  accurately  by  computation. 

612.  Heliocentric  Place.  — The  heliocentric  place  of  a  planet  is  the 
place  as  seen  from  the  sun ;  and  when  we  know  the  longitude  of  the 
node  of  a  planet's  orbit  and  its  inclination,  as  well  as  the  planet's  dia- 
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tance  from  the  sun,  this  heliocentric  place  can  at  once  be  deduced 
from  the  geocentric  bj  a  trigonometrical  calculation.  The  process  is 
rather  tedious,  however,  and  its  discussion  lies  outside  the  scope  of 
this  work. 

(The  reader  is  referred  to  Watson's  "  Theoretical  Astronomy/'  p.  86.  An 
elementary  geometrical  treatment  of  the  reduction  is  also  given  in  Loomis's 
"Treatise  on  Astronomy,"  p.  211.) 

513.  Determination  of  a  Period  of  a  Planet.  —  This  can  be  done 
in  two  ways  : 

First.  By  observation  of  its  node-passage.  When  the  planet  is 
passing  its  node,  it  is  in  the  plane  of  the  ecliptic,  and  the  earth  being 
also  always  in  that  plane,  the  planet's  latitude,  both  geocentric  and 
heliocentric^  will  be  zero,  no  matter  what  may  be  the  place  of  the  earth 
in  its  orbit.  (At  any  other  point  of  the  planet's  orbit  except  the  node 
its  apparent  latitude  would  not  be  thus  independent  of  the  earth's 
place,  but  would  vary  according  to  its  distance  from  the  earth.)  If, 
then,  we  observe  the  planet  at  two  successive  passages  of  the  same 
node,  the  interval  between  the  moments  when  the  latitude  becomes 
zero  will  be  the  planet's  period,  —  exactly ^  if  the  node  is  stationary  ; 
very  approximately^  even  if  the  node  is  not  absolutely  stationary,  as 
none  of  the  nodes  actually  are. 

There  are  two  difficulties  with  this  method. 

(a)  In  the  case  of  Uranus  the  period  is  eighty-four  years,  and  in  that  of 
Neptune  164  years  —  too  long  to  wait. 

(b)  Since  the  orbits  all  cross  the  ecliptic  at  a  very  small  angle,  so  that  the 
latitude  remains  near  zero  for  a  number  of  days,  it  is  extremely  difficult  to 
determine  the  precise  minute  and  second  when  it  is  exactly  zero;  and  slight 
errors  in  the  declinations  observed  will  produce  great  errors  in  the  result. 

614.  Second.  By  the  mean  synodic  period  of  the  planet.  The 
synodic  period  is  the  interval  between  two  successive  opiK)sition8  or 
conjunctions  of  the  planet,  the  opposition  being  the  moment  when 
the  planet's  longitude  differs  from  that  of  the  sun  by  180°. 

This  angle  between  the  planet  and  sun  cannot  well  be  measured  directly, 
but  we  can  make  with  the  meridian  circle  a  series  of  observations  both  of 
the  planet's  right  ascension  and  declination  for  several  days  before  and  after 
the  date  of  opposition,  and  reduce  the  observations  to  latitude  and  longitude. 
The  sun  will  be  observed,  of  course,  at  noon,  and  the  planet  near  midnight ; 
but  from  the  solar  observations  we  can  deduce  the  longitudes  of  the  sun 
corresi>onding  to  the  exact  moments  when  the  planet  was  observed.  From 
these  we  find  the  difference  of  longitude  between  the  planet  and  the  sun  at 
the  time  of  each  planetary  observation ;  and  finally  from  these  differences 
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of  longitude,  we  find  the  precise  moment  when  that  difference  was  exactly 
180^,  or  the  moment  of  opposition.  This  can  be  ascertained  within  a  very 
few  seconds  of  time  if  the  observations  are  good. 

Since  the  orbits  are  not  strictly  circular,  the  interval  between  two 
successive  observations  will  not  be  the  niean  synodic  period,  but  only 
an  approximation  to  it ;  but  when  we  know  it  nearly y  we  can  compare 
oppositions  many  years  apart,  and  by  dividing  the  interval  by  the 
known  number  of  entire  sj'nodic  periods  (which  is  easily  determined 
when  we  know  the  approximate  length  of  a  single  period)  we  get  the 
mean  sj'nodic  period  very  closely,  —  especially  if  the  two  oppositions 
occur  at  about  the  same  time  of  the  year.  Having  the  synodic 
period,  the  true  sidereal  period  at  once  follows  from  the  equation 

1  =  1-1 
PES 

615.  To  find  the  Distance  of  a  Planet  in  Tenm  of  the  Earth's 
Distance.  —  When  we  know  the  planet's  sidereal  period,  this  is  easily 
done  by  means  of  two  observations  of  the  planet's   *'^  doivgatwi** 


Fio.  1G6.  —  Determination  of  Uie  DUUnce  of  •  PUnet  from  the  San. 

taken  at  an  interval  equal  to  its  periodic  time.    The  ^^  elongation'' 
of  a  planet  is  the  difference  between  its  longitude  and  that  of  the 
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Ban,  and  a  series  of  meridian-circle  observations  of  sun  and  planet 
will  famish  tbese  differences  of  longitude  for  anj  selected  moment 
included  within  the  term  of  observation. 

To  find  the  distance  of  the  planet  Mars,  for  instance,  we  must 
therefore  have  two  observations  separated  bj  an  interval  of  687  dajs. 
Suppose  the  earth  to  have  been  at  A  (Fig.  166)  at  the  moment  of  the 
first  observation.  Then  at  the  time  of  the  second  observation  she 
will  be  at  the  point  (7,  the  angle  ASC  being  that  which  the  earth 
will  describe  in  the  next  43}  days,  which  is  the  difference  between 
two  complete  years  (or  730 J  days)  and  the  687-day  interval  between 
the  two  observations. 

The  angles  SCM  and  SAM  are  the  "  elongations"  of  the  planet 
from  the  sun,  and  are  given  directly  by  the  observations.  The  two 
sides  8A  and  SC  are  also  given,  being  the  earth's  distance  from 
the  sun  at  the  dates  of  observation.  Hence  we  can  easily  solve 
the  quadrilateral,  and  find  the  length  of  SM,  as  well  as  the  angle 
ASM. 

This  angle  determines  the  planet's  heliocentric  longitude  at  M,  since 
we  know  the  direction  of  SAj  the  longitude  of  the  earth  at  the  time  of 
observation. 

The  student  can  follow  out  for  himself  the  process  by  which,  from  two 
elongations  of  Venus,  SA  V  and  SB  V,  observed  at  an  interval  of  225  days, 
the  distance  of  Venus  from  the  sun  (or  SV)  can  be  obtained. 

016.  In  order  that  this  method  may  apply  with  strict  accuracy  it  is 
necessary  that  at  the  moment  of  observation  M  should  be  in  the  same 
plane  as  Af  S,  and  B ;  that  is,  at  the  node.  If  it  is  not  so,  the  process  will 
give  us,  not  the  true  distance  of  the  planet 
itielf  from  the  sun,  but  that  of  the  **  pro- 
jection "  of  this  distance  on  the  plane  of  ^^ ^^^^"^^^1^^^-^  "* 
the  ecliptic ;  t.^.,  the  distance  from  the  sun 
to  the  point  m  (Fig.  167),  where  the  per- 
pendicular from  the  planet  would  strike 
that  plane.  But  when  we  have  determined  p,^  ^^^ 
i4J/and  the  angle  mAM^  the  planet's  geo- 
centric latitude,  we  easily  compute  Mm ;  and  from  »Sto  and  Mm  we  get  the 
true  distance  Sm  and  the  heliocentric  latitude  of  the  planet  MSm, 

517.  From  a  series  of  pairs  of  observations  distributed  around 
the  planet's  orbit  it  would  evidently  be  possible  to  work  out  the 
orbit  completely.  It  was  in  this  way  that  Kepler  showed  that  the 
orbits  of  the  planets  are  ellipses,  and  deduced  their  distances  from 
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the  8un ;  and  his  third,  or  harmonic  law,  was  then  discovered  simply 
by  making  a  comparison  between  the  distances  thos  found  and  the 
corresponding  periods. 

518.    Kean  Distanoe  of  an  Inferior  Planet  by  Keans  of  Obserf»- 
tions  of  its  Greatest  ElongatioiL  —  By  observing  fVom  the  earth  the 

greatest  elongation  SEV  (Fig. 
168)  of  one  of  the  inferior  planets, 
its  distance  from  the  son  can  very 
easily  be  deduced  if  we  regard  the 
orbit  as  a  circle ;  for  the  triangle 
SVEmU  be  right-angled  at  V,  and 
iSF=  SE  X  sin  SEV. 

In  the  case  of  Yenos  the  orbit  is 
80  nearly  circular  that  the  method 
Fiu.  108.  answers  very  well,  the  greatest  elongsr 

DliUnce  of  an  Inferior  PUnet  determined  by    *io»  ^^ver  differing  much    from  47<>. 

ObMnrationi  of  iu  Qreatett  EiongaUon.       Mercury*8  ofbit  is  SO  eccentric  that  the 

distance  thus  obtained  from  a  single 
elongation  might  be  very  wide  of  the  true  mean  distance.  Since  the  great- 
est elongation,  SEM,  varies  all  the  way  from  18^  to  28^,  it  would  be  neces- 
sary to  observe  a  great  many  elongations,  and  take  the  average  result. 


519.    I>ediiction  of  the  Orbit  of  a  Planet  from  Three  Obsezrations. 

—  When  one  has  command  of  a  great  number  of  observations  of  a 
planet  running  back  many  years,  and  can  select  such  as  are  conven- 
ient for  his  purpose,  as  Kepler  could  from  Tycho's  records,  it  is 
comparatively'  easy  to  find  the  elements  of  a  planet's  orbit ;  but  when 
a  new  planet  is  discovered,  the  case  is  different.  The  problem  first 
arose  practically  iu  1801,  when  Ceres,  the  first  of  the  asteroids,  was 
discovered  by  Piazzi  in  Sicily,  observed  for  a  few  weeks  and  then 
lost  in  the  sun^s  rays  at  conjunction,  before  other  astronomers  could 
be  notified  of  the  discovery,  in  those  days  of  slow  communication, 
made  slower  and  more  uncertain  by  war. 

Gauss,  then  a  young  man  at  Gottingen,  attacked  the  problem,  and 
invented  the  method  which,  with  slight  modifications,  is  now  univer- 
sally used  in  such  cases. 

We  do  not  propose  to  enter  into  details,  but  simply  say  that 
three  absolutely  accurate  observations  of  a  jpianeVs  right  ascension  and 
declination  are  sufficient  to  determine  its  orlnt.  Three  obeervaticmB, 
ma<lo  only  as  accurately  as  is  now  ix)ssible,  with  intervals  of  two  or 
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three  weeks  between  them,  will  give  a  very  good  approximation  to 
the  orbit ;  and  it  can  then  be  corrected  by  further  obsen^ations. 

620.  Since  there  are  Jive  independent  coefficients  in  the  equation  of  a 
conic,  it  is  necessary  to  have  Jive  conditions  in  order  to  determine  them. 
Three  such  conditions  are  given  by  the  observations  themselves ;  viz.,  the 
three  directions  of  the  planet  as  seen  from  the  earth  at  the  given  moments 
of  observation ;  a  fourth  is  given  by  the  fact  that  the  sun  must  be  in  the 
focus  of  the  orbit ;  and  finally,  the  Jifth  is  supplied  by  the  **  law  of  equal 
areas/'  since  the  areas  described  by  the  radius  vector  between  the  first  and 
second  observations,  and  the  second  and  third,  must  be  proportional  to  the 
corresponding  intervals  of  time. 

(The  student  is  referred  to  Gauss's  "Theoria  Motus,"  or  to  Watson's 
"  Theoretical  Astronomy,"  or  to  Oppolzer's  great  work  on  "  The  Determina- 
tion of  Orbits,"  for  the  full  development  of  the  subject. ) 

621.  Planetary  Pertarbationa.  — The  attraction  of  the  planets  for 
each  other  disturbs  their  otherwise  elliptical  motion  around  the  sun. 
As  in  the  case  of  the  lunar  theory  the  disturbing  forces  are,  however, 
always  relatively  small,  but  not  for  the  same  reason.  The  sun's 
disturbing  force  is  small  because  its  distance  from  the  moon  is  nearly 
four  hundred  times  that  of  the  earth.  In  the  planetary  theory  the 
disturbing  bodies  arc  often  nearer  to  the  disturbed  than  is  the  sun 
itself,  as,  for  instance,  in  the  disturbance  of  Saturn  by  Jupiter  at 
certain  points  of  their  orbits;  but  the  ma^  of  the  disturbing  body  in 
no  ca^e  is  as  great  cw  Yfhru  P^^  ^f  ^^^  sun*s  mass^  and  for  this  reason 
the  disturbing  force  arising  from  planetary  attraction  is  never  more 
than  a  small  fraction  of  the  sun's  attraction. 

The  greatest  disturbing  force  which  occurs  in  the  planetary  system 
(except  in  the  case  of  some  of  the  asteroids)  is  that  of  Jupiter  on  Saturn 
at  the  time  when  the  planets  are  nearest :  it  then  amounts  to  j\j  of  the 
suifs  attraction.  When  these  two  planets  are  most  remote  from  each  other, 
it  ainouiits  to  ^\j.  There  is  no  other  case  where  the  disturbing  force  is  as 
much  as  y^'^^  of  the  sun's  attraction  (again  excepting  the  asteroids  disturbed 
by  Jupiter). 

522.  In  any  special  case  the  disturbing  force  can  be  worked  out 
on  precisely  the  same  pnnciples  that  lie  at  the  foundaiioD  of  the 
diagram  by  which  the  sun's  disturbing  force  upon  the  moon  was 
found  (Art.  441,  Fig.  147) ;  but  the  resulting  diagram  will  look  very 
differently,  because  the  disturbing  body  is  relatively  very  near  the 
disturbed  orbit. 
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The  planetary  perturbations  which  result  from  the  *'  integration 
of  effects  of  the  disturbing  forces,  i.e.,  from  their  continual  action 
through  long  intervals  of  time,  divide  themselves  into  two  great 
classes,  —  the  Periodic  and  the  Secular, 

523.  Periodic  PertnrbationB.  —  These  are  such  as  depend  on  the 
positions  of  the  planets  in  their  orbits,  and  usually  run  through  their 
course  in  a  few  revolutions  of  the  planets  concerned.  For  the  most 
part  they  are  very  small.  Those  of  Mercury  never  amount  to  more 
than  15",  as  seen  from  the  sun.  Those  of  Venus  may  reach  aboat 
30'',  those  of  the  earth  about  1',  and  those  of  Mars  about  2'.  The 
mutual  disturbances  between  Jupiter  and  Saturn  are  much  larger, 
amounting  respectively  to  28'  and  48' ;  while  those  of  Uranus  are 
again  small,  never  exceeding  3',  and  those  of  Neptune  are  not  more 
than  half  as  great  as  that.  In  the  case  of  the  asteroids,  which  are 
powerfully  disturbed  by  Jupiter,  the  periodical  perturbations  are 
enormous,  sometimes  as  much  as  5®  or  6®. 

624.     Long  Inequalities.  —  The  periodic  inequalities  of  the  planets  are 

so  small,  l)ecause,  as  a  rule,  there  is  a  nearly  complete  compensation  effected 
at  every  few  revolutions,  so  that  the  accelerations  balance  the  retardations. 
The  line  of  conjunction  falls  at  random  in  different  parts  of  the  orbits,  and 
when  tliis  is  the  case,  no  considerable  displacement  of  either  planet  can 
take  place.  Hut  when  the  periodic  times  of  two  planets  are  nearly  cam* 
mensurable,  their  line  of  conjunction  will  fall  very  near  the  same  place  in 
the  two  orl)its  for  a  considerable  number  of  yeai*s,  and  the  small  unbalanced 
disturbance  left  over  at  each  conjunction  will  then  accumulate  in  the  same 
direction  for  a  long  time.  Thus,  Ave  revolutions  of  Jupiter  roughly  equal 
two  of  Saturn ;  and  still  more  nearly,  seventy-seven  of  Jupiter  equal  thirty- 
one  of  Saturn,  in  a  period  of  913  years.  From  this  comes  the  so-called 
**  long  inequality  "  of  Jupiter  and  Saturn,  amounting  to  28'  in  the  place  of 
Jupit<,>r  and  4H'  in  that  of  Saturn,  and  requiring  more  than  900  years  to 
complete  its  cy<*lo. 

In  the  case  of  the  earth  and  Venus  there  is  a  similar  **long  inequality" 
with  a  iK»riod  of  2^55  years,  amounting,  however,  to  less  than  3"  in  the  posi- 
tions of  either  of  the  planets;  between  Uranus  and  Neptune  there  is  a  similar 
inequality  with  a  j^eriod  of  over  1000  years,  but  this  also  is  very  small. 

525.  Secular  Inequalities.  — These  are  inequalities  which  depend 
not  on  the  i>osition  of  tlie  planets  in  their  orbits,  but  on  the  relaJtive 
position  of  the  orbits  themselves,  with  reference  to  each  other,  — the 
way,  for  instance,  in  which  the  lines  of  nodes  and  apsides  of  two 
neighboring  orbits  lie  with  reference  to  each  other.  Since  the  plane- 
tary orbits  chaugc  their  positions  very  slowly,  these  perturbationSi 


SECULAR   INEQUALITIES.  318 

although  in  the  strict  sense  of  the  word  periodic  also,  are  very  slow 
and  majestic  in  their  march,  and  the  periods  iovolved  are  such  as 
stagger  the  imagination.  They  are  reckoned  in  myriads  and  hun- 
dreds of  thousands  of  years.  From  year  to  year  they  are  insignifi- 
cant, but  with  the  lapse  of  time  become  important. 

626.  Sacnlar  Constancy  of  the  Periods  and  Mean  Distances. — 

It  is  a  remarkable  fact,  demonstrated  by  Lagrange  and  La  Place 
about  100  years  ago,  that  the  mean  distances  and  periods  are  en- 
tirely free  from  ail  such  secular  disturbance.  They  are  subject  to 
slight  periodic  inequalities  having  periods  of  a  few  years,  or  even 
a  few  hundred  years :  but  in  the  long  run  the  two  elements  never 
change.  They  suffer  no  perturbations  which  depend  on  the  position 
of  the  orbits  themselves,  but  only  such  as  depend  on  the  positions 
of  the  planets  in  their  orbits. 

627.  Bevolution  of  the  ITodes  and  Apsides.  —  The  nodes  and  peri- 
helia, on  the  other  hand,  move  on  continuously.  The  lines  of  apsides 
of  all  the  i»lanet8  (Venus  alone  excepted)  advance,  and  the  nodes  of 
all  without  exception  (except  possibly  some  of  the  asteroids),  regress 
on  the  ecliptic. 

The  quickest  moving  line  of  apsides  —  that  of  Saturn's  orbit  —  completes 
its  revolution  in  G7,000  years,  while  that  of  Xeptune  requires  540,000.  The 
swiftest  line  of  nodes  is  that  of  Uranus,  which  completes  its  circuit  in  less 
than  37,000  years,  while  the  slowest  —  that  of  Mercury  —  requires  166,000 
years. 

628.  The  Inclinations  of  the  Orbits.  — These  are  all  slowly  chang- 
ing—  some  increasing,  and  others  decreasing;  but  as  La  Place  and 
Leverrier  have  shown,  all  the  changes  are  confined  within  narrow 
limits  for  all  the  larger  planets  :  they  oscillate,  but  the  oscillations  are 
never  extensive. 

It  is  not  certain  that  this  is  so  with  the  asteroids,  some  of  which  have 
inclinations  to  the  ecliptic  of  25^  and  '30^  :  it  is  possible  that  some  of 
these  inclinations  mav  chansre  bv  a  verv  considerable  amount. 

629.  The  Eccentricities.  —  These  also  are  slowly  changing  in  the 
same  way  as  the  inclinations,  some  increasing  and  some  decreasing ; 
and  their  changes  also  are  closely  restricted.  The  j>eriods  of  the  alter- 
nate increase  and  decrease  are  always  many  thousand  years  in  length. 

TIh'  asteroids  are  again  to  be  excepted ;  the  eccentricities  of  their  orbits 
may  change  considerably. 
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530.  Stability  of  the  Planetary  System.  —  About  the  end  of  the 
eighteenth  century  La  Place  and  Lagrange  succeeded  in  proving  that 
the  mutual  attraction  of  the  phmets  could  never  destroy  the  system, 
nor  even  change  the  elements  of  the  orbit  of  any  one  of  the  larger 
planets  to  an  extent  which  would  greatly  alter  its  physical  condition. 

The  nodes  and  apsides  revolve  continuously,  it  is  true,  but  that 
change  is  of  no  importance.  The  distances  from  the  sun  and  the 
periods  do  not  change  at  all  in  the  long  run ;  while  the  inclinations 
and  eccentricities,  as  has  just  been  said,  confine  their  variations 
within  narrow  limits. 

631.  The  "Invariable  Plane"  of  the  Solar  System.  —  There  is 

no  reason,  except  the  fact  that  toe  live  on  the  earth,  for  taking  the  plane  of 
the  €arth*s  orbit  (the  plane  of  the  ecliptic)  as  the  fundamental  plane  of  the 
solar  system.  There  is,  however,  in  the  system  an  **  invariable  plane,**  the 
position  of  which  remains  forever  unchanged  by  any  mutual  action  among 
the  planets,  as  was  discovered  by  La  Place  in  1784.  This  plane  is  defined 
by  the  following  conditions,  —  that  if  from  all  the  planets  perpendiculan  be 
drawn  to  it  (i.e.,  to  speak  technically,  if  the  planets  be  *'  projected  "  upon  it), 
and  then  if  we  multiply  each  planeVs  mass  by  the  area  which  the  planet's  pro- 
jected radius  vector  describes  upon  this  plane  in  a  unit  of  time,  the  sum  of  these 
products  will  be  a  maximum.  The  ecliptic  is  inclined  about  1|^  to  this 
invariable  plane,  and  has  its  ascending  node  nearly  in  longitude  286^. 

632.  La  Place's  Equations  for  the  Inclinations  and  Eooentrid- 

ties.  —  La  Place  demonstrated  the  two  following  equations,  viz. : 

(1)  2m  Vaxe^=  C\  (2)  2m  VS  X  tan«t  =  C. 

Equation  (1)  may  be  thus  translated:  ^fultiply  the  mass  of  each  planet  by  the 
square  root  of  the  semi-major  axis  of  its  orbit,  and  by  the  square  of  its  eccen- 
tricity ;  add  these  products  for  all  the  planets^  and  the  sum  will  be  a  constant 
quantity  C,  which  w  very  small.  It  follows  that  no  eccentricity  can  become 
very  large,  since  e^  in  the  equation  is  essentially  positive :  there  can  therefore 
be  no  counterbalanciny  of  positive  and  negative  eccentricities;  and  if  the 
eccentricity  of  one  planet  increases,  that  of  some  other  planet  or  planets 
must  corresix)ndingly  decrease. 

The  second  equation  is  the  same,  merely  substituting  tan*i  for  e*,  i  being 
the  square  of  the  tangent  of  the  inclination  of  the  planeVs  orbit  to  the  invariable 
plane.  The  constant  in  this  case  also  is  small,  though  of  course  not  the 
same  as  in  the  preceding  equation.  These  two  equations,  taken  in  connec- 
tion with  the  invariability  of  the  periods  of  the  major  axes  of  the  planetary 
orbits,  have  been  called  the  **  Magna  Charta "  of  tlie  stability  of  the  solar 
system. 
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633.  It  does  not  follow  that  because  the  mutual  aUractiona  of  the 
planets  cannot  seriously  derange  the  system  it  is,  therefore,  of  ne- 
cessity securely  stable.  There  are  many  other  conceivable  actions 
which  might  end  in  its  ultimate  destruction ;  such,  for  instance,  as 
that  of  a  resisting  medium,  or  the  entrance  into  the  system  of  bodies 
coming  from  without. 
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CHAPTER  XIV. 

THE  PLANETS :  METHODS  OF  FINDING  THEIR  DIA^fETERS,  MASSES, 
ETC. — THE  "TERRESTULVL  PL.VNETS  "  AND  ASTEROIDS. — 
INTRA-MERCURIAL    PLANETS   AND  THE  ZODLA.CAL    LIGHT. 

In  discussing  the  individual  peculiarities  of  the  planets,  we  have 
to  consider  a  multitude  of  different  data ;  for  instance,  their  diameters^ 
their  masses^  and  densities^  their  axial  rotation^  their  surface-markingSf 
their  reflecting  power  or  "  cdbedoj*'  and  their  satellite  systems, 

534.  Diameter.  —  The  apparent  diameter  of  a  planet  is  ascertained 
by  measurement  with  some  kind  of  micrometer  (Art  78) .  For  this 
purpose  tlie  ^'  double-image  "  micrometer  has  an  advantage  over  the 
wire  micrometer  because  of  the  effect  of  irradiation. 

When  we  bring  two  wirefl  to  touch  the  two  limits  of  the  planet  in  the 
field  of  view  of  the  telescope,  Fv^.  IGO,  a,  the  bright  image  of  the  planet  is 
always  measured  too  large,  because  every  bright  object  appears  to  extend 

itself  somewhat  into  the  dark  anr- 
rounding  space,  by  its  physiologi- 
cal action  upon  the  retina  of  the 
eye.  This  is  known  as  irradiation 
—  well  exemplified  at  the  time  of 


^^°'  ^^-  new  moon,  when  tlie  bright 

MIcrometGr  Meaaurcii  of  u  IMunet's  Diameter.         cent   appears    to    be   mUCh  larger 

than  the  "  old  moon  "  faintly  Tisi* 
ble  by  earth-sliine.  With  small  instruments  this  error  is  often  considen^ 
ble,  varying  with  the  jx?rsi)nal  eiiuation  of  the  observer,  but  it  may  be 
reduced  to  some  extent  by  using  as  bright  an  illumination  of  the  field  of 
view  as  the  object  will  bear. 

With  the  double-image  micrometer,  the  observer  in  measuring  has  to 
bring  in  contact  two  discs  of  equal  brightness,  as  in  Fig.  169,  b;  and  in  this 
case  the  irradiation  almost  vanishes  at  the  poiut  of  coutact. 


The  diameter  thus  measured  is,  of  course,  only  the  apparent 
eter,  to  be  expressed  in  seconds  of  arc,  and  varies  with  every  change 
of  distance.     To  get  the  real  diameter  in  linear  units,  we  have 

Ileal  diameter  = , 

20G265 
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in  which  A  is  the  distaDce  of  the  planet  from  the  earth,  and  2>"  the 
diameter  in  seconds  of  arc.  If  A  is  given  only  in  astronomical  units, 
the  diameter  comes  out,  of  course,  in  terms  of  that  unit.  To  get 
the  diameter  in  miles,  we  must  know  the  value  of  this  unit  in  miles ; 
that  is,  the  sun's  distance  from  the  earth. 

635.  Extent  of  Surfaea  and  Volume.  —  Having  the  diameter,  the 
surface^  of  course,  is  proportional  to  its  aqtiarey  and  is  equal  to  the 

earth's  surface  multiplied  by  |  >  V  in  which  s  is  the  semi-diameter  of 

the  planet  and  p  that  of  the  earth. 

The  volume  equals  [  ?  ]  in  terms  of  the  earth's  volume.  (The  stu- 
dent must  be  on  his  guard  against  confounding  the  volume  or  buUc  of 
a  planet  with  its  mass.) 

The  nearer  the  planet,  other  things  being  equal,  the  more  accurately 
the  above  data  can  be  determined.  The  error  of  O'M  in  measuring 
the  apparent  diameter  of  Venus,  when  nearest,  counts  for  less  than 
thirteen  miles  in  the  real  diameter  of  the  planet;  while  in  Neptune's 
case  it  would  coiTcspond  to  more  than  1300  miles.  The  student 
must  not  be  surprised,  therefore,  at  finding  considerable  discrepan- 
cies in  the  data  given  for  the  remoter  planets  by  different  authorities. 

636.  Mass  of  a  Planet  which  has  a  Satellite.  —  In  this  case  its 
mass  is  easily  and  accurately  found  by  observing  the  period  and 
distance  of  the  satellite.     We  have  the  fundamental  equation 


(M+m)=4^(^y  ' 


in  which  ^f  is  the  mass  of  the  planet,  m  that  of  its  satellite,  r  the 
radius  of  the  orbit  of  the  satellite,  and  t  its  period. 

The  formula  is  derived  as  follows :  From  the  law  of  gravitation  the  accel- 
erating force  which  acts  on  the  satellite  is  given  by  the  equation 

>._  Af-t-m 

(Art.  417),  in  which  M  is  the  mass  of  the  planet  and  m  that  of  the  satellite. 
From  the  law  of  circular  motion  (Art.  411,  Eq.  b)  we  have 


r-'-i^)' 


818  THE   PLANETS, 

wheucti  (equatiug  the  two  values  of  /)  we  have 

and  fiually 

This  demonstration  is  strictly  good  only  for  circular  orbits ;  but  the  equation 
is  equally  true,  and  can  be  proved  for  elliptical  orbits,  if  for  r  we  put  n,  the 
semi-major  axis  of  the  satellite's  orbit. 

For  many  purposes  a  proportion  is  more  convenient  than  this  equa- 
tion, since  the  equation  requires  that  M,  m ,  r,  and  t  be  expressed  in 
properly  chosen  units  in  order  that  it  may  be  numerically  true.  C!on- 
verting  the  equation  into  a  proportion,  we  have 


(3f+m):(J/,+m,)=J:  ^*; 


or,  in  words,  the  united  mass  of  a  body  and  its  satellite  is  to  the  united 
mass  of  a  second  body  and  its  satellite  as  the  cube  of  tlie  distance  of 
the  first  satellite  divided  by  the  square  of  its  period  is  to  the  ctibe  of  the 
distance  of  the  second  satellite  divided  by  the  square  of  its  period.  This 
enables  us  at  once  to  compare  the  masses  of  any  two  bodies  which 
have  attendants  revolving  around  them. 

The  mass  of  the  moon  is  so  considerable  as  compared  with  that 
of  the  earth  (about  ^)  that  it  will  not  do  to  neglect  it ;  but  in  all 
other  cases  the  satellite  is  less  than  j^ira  ^^  ^^^  mass  of  its  primary, 
and  need  not  be  taken  into  account. 

637.  Examples.  —  (1)  Required  the  mass  of  the  sun  compared  with 
that  of  the  earth.     The  proportiou  is 

(^'+  earth)  :  (E  +  moon)  =  i^l^OOmO)^  ,  (2mm)^ 
^  y     V     -r  y  (3651)2  (27.4)- 

The  quantities  in  the  last  term  of  the  proportion  are  of  course  the  distance 
and  period  of  the  moon ;  and  it  is  to  be  remembered  that  for  the  period  of 
the  nKX)n  we  must  use,  not  the  actual  sidereal  period,  but  the  period  om  it 
would  be  if  the  moon*8  motion  were  undisturbed^'^  &  period  about  three  hours 
longer. 

(2)  Compare  the  mass  of  the  earth  with  that  of  Jupiter,  whose  remotest 
satellite  has  a  period  of  16}  days,  and  a  distance  of  1,160,000  miles.  We  have 

(E  +  moon)  :  (/  +  sateUite)  =  M!  :  H^, 
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which  gives  the  mass  of  Jupiter  about  315  times  as  great  as  that  of  the  earth 
and  moon  together. 

638.     It  is  customary  to  express  the  mass  of  a  planet  as  a  certain 
fraction  of  the  sun's  mass,  and  the  proportion  is  simply 

Sun :  Planet  =  •=::-» 


whence  Planet's  mass  =  Sun's  mass  x 


where  T  and  R  are  the  planefs  period  and  distance  from  the  sun.  Since 
R  and  r  can  both  be  determined  in  astronomical  units  without  any 
necessity  for  knowing  the  length  of  that  unit  in  miles,  the  masses  of 
the  planets  in  tei-rns  of  the  sun*s  mass  are  independent  of  any  knowl- 
edge of  the  solar  parallax.  But  to  compare  them  with  the  earthy  we 
must  know  this  parallax,  since  the  moon's  distance  from  the  earth, 
which  enters  into  the  equations,  is  found  by  observation  in  miles  or 
in  radii  of  the  earth,  and  not  in  astronomical  units. 

In  order  to  make  use  of  the  satellites  for  this  purpose  we  must 
determine  by  micrometrical  observations  their  distances  from  the 
planets  and  their  periods. 

639.  Mass  of  a  Planet  which  has  no  Satellite.  —  When  a  planet 
has  not  a  satellite,  the  determination  of  its  mass  is  a  very  difficult  and 
troublesome  problem,  and  can  be  solved  only  by  finding  some  pertur- 
bation produced  by  the  planet,  and  then  ascertaining,  by  a  sort  of 
*'  trial  and  error"  method,  the  mass  which  would  produce  that  pertur- 
bation. Venus  disturbs  the  earth  and  Mercury,  and  from  these  per- 
turbations her  mass  is  ascertained.  Mercury  disturbs  Venus,  and 
also  one  or  two  comets  which  come  near  him,  and  in  this  way  we  get 
a  rather  rough  determination  of  his  mass. 

640.  Density.  —  The  density  of  a  body  as  compared  with  the 
earth  is  determined  simply  by  dividing  its  mass  by  its  volume ;  i.e., 

Density  =  -7- 


G) 


For  example,  Jupiter's  diameter  is  about  eleven  times  that  of  the  earth 
{i.e.  (  '^  )=  11),  so  that  his  volume  is  II*,  or  l^J.'U  times  the  earth's.    His  masf, 

derived  from  satellite  observations,  is  about  316  times  the  earth's.     The 
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density,  therefore,  equals  ^sVi,  or  about  0.24,  of  the  earth's  density,  or  about 
1^  times  that  of  water,  the  earth's  density  being  5.58  (Art  171). 

541.  The  Surface  (hravity. — The  force  of  gravity  on  a  planefs 
surface  as  compared  with  that  on  the  surface  of  the  earth  is  important 
in  giving  us  an  idea  of  its  physical  condition.  If  r  is  the  radius  of 
the  planet  in  terms  of  the  earth's  radius,  then 

Surface  gravity,  or  G,  = 


C) 


i.e.,  it  equals  the  planet's  density,  multiplied  by  its  dinmeter  expressed 
in  terms  of  the  earth's  diameter. 

For  Jupiter,  therefore,  6'  =  ^=  11  x  density  =  11  X 0.24  =  2.64  nearly. 

That  is,  a  body  at  Jupiter  would  weigh  2.6  as  much  as  one  at  the  earth's 
surface. 

542.  The  Planet's  Oblateness.  —  The  ^^oblatenesa"  or  <' polar- 
compression"  is  the  difference  between  the  equatorial  and  polar 
diameters  divided  by  the  equatorial  diameter.  It  is,  of  course, 
determined,  when  it  is  possible  to  determine  it  at  all,  simply  by 
micrometric  measurements  of  the  difference  between  the  greatest  and 
least  diameters.  The  quantity  is  always  very  small  and  the  observa- 
tions delicate. 

543.  The  Time  of  Rotation,  when  it  can  be  determined,  is  found 
by  observing  the  passage  of  some  si)ot  visible  in  the  telescope  across 
the  central  line  of  the  planet's  disc.  In  reducing  the  observations  to 
find  the  interval  between  such  transits,  account  has  to  be  taken  of  the 
continual  change  in  the  direction  of  the  line  which  joins  the  planet 
and  the  earth,  and  also  of  the  variations  in  the  distance,  which  will 
alter  the  time  taken  l)y  light  in  coming  to  the  earth  from  the  body. 

544.  The  Inclination  of  the  Axis  is  deduced  from  the  same  obser- 
vations which  are  used  in  obtaining  the  rotation  period.  It  is  neces- 
sary to  determine  with  the  micrometer  the  paths  described  by  differ- 
ent spots  as  they  move  across  the  planet's  disc.  It  is  possible  to 
ascertain  it  with  accuracy  for  only  a  very  few  of  the  planets :  Mars, 
Jupiter,  and  Saturn  are  the  only  ones  that  furnish  the  needed  data. 

545.  The  Surface  Peculiarities  and  Topography  of  the  surface 
are  studied  by  the  telescope.     The  observer  makes  drawings  of  any 
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markings  which  he  may  see,  and  by  their  comparison  is  at  last  able 
to  discriminate  between  what  is  temporary  and  what  is  permanent  on 
the  planet.  Mars  alone,  thus  far,  permits  us  to  make  a  map  of  its 
surface. 

646.  Spectrosoopio  Peculiarities  and  Albedo.  —  The  character- 
istics of  the  planet's  atmosphere  can  be  to  some  extent  studied  by 
means  of  the  spectroscope,  which  in  some  few  cases  shows  the  pres- 
ence of  water-vapor  and  other  absorbing  media,  by  dark  bands  in 
the  planet's  spectrum.  The  "  o/ftecfo,"  or  reflecting  ix)wer  of  a 
planet's  surface  is  determined  by  photometric  observations,  com- 
paring it  with  a  real  or  artificial  star,  or  with  some  other  planet. 

647.  The  Satellite  System  of  a  Planet.  —  The  principal  data  to  be 
ascertained  are  the  distances  and  periods  of  the  satellites,  and  the 
observations  are  made  by  measuring  the  apparent  distances  and 
directions  of  the  satellites  from  the  centre  of  the  planet  with  the  wire 
micrometer  (Art.  73).  Observations  made  at  the  times  when  the 
satellite  is  near  its  elongation  are  especially  valuable  in  determining 
the  distance. 

If  the  planet  and  earth  were  at  rest,  the  satellite's  path  would  appear  to 
be  an  ellipse,  unaltered  in  dimensions  during  the  whole  series  of  observa- 
tions ;  but  since  the  earth  and  planet  are  both  moving,  it  becomes  a  compli- 
cated problem  to  determine  the  satellite's  true  orbit  from  the  ensemble  of 
observations. 

648.  With  the  exception  of  the  moon  and  the  outer  satellite  of  Saturn, 
all  the  satellites  of  the  planetary  system  move  almost  exactly  in  the  plane  of 
the  equator  of  the  primary;  and  all  but  the  moon  and  the  seventh  satellite 
of  Saturn  (Hyperion)  move  in  orbits  almost  perfectly  circular.  Tisserand 
has  recently  shown  that  the  equatorial  protuberance  of  a  planet  compels  any 
satellite  which  is  not  very  remote  from  its  primary  to  move  nearly  in  the 
equatorial  plane,  but  the  almost  perfect  circularity  of  the  orbits  is  not  yet 
explained.  When  there  are  a  number  of  satellites  in  a  system,  interesting 
problems  arise  in  connection  with  their  mutual  disturbances ;  and  in  a  few 
canes  it  becomes  possible  to  determine  a  satellite's  mass  as  compared  with 
that  of  its  primary.  In  several  instances  satellites  show  peculiar  variations 
in  their  brightnoss,  which  are  supposed  to  indicate  that  they  make  an  axial 
rotation  in  the  time  of  one  revolution  around  the  primary,  in  the  same  way 
as  our  moon  does. 

649.  Humboldt's  Classification  of  the  Planets.  —  Humboldt  has 
divided  the  planets  into  two  groups  :  the  terrestrial  planets,  so  called, 
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and  the  m(yor  planets.  The  terreatrial  planets  are  Mercniy,  Venoa, 
the  earth,  and  Mars.  They  are  bodies  o[  the  same  order  of  toagni- 
tude,  ranging  ftom  3000  to  8000  miles  in  diameter,  not  very  differ- 
ent in  density  (though  Mercury  is  much  denser  tiiaa  either  of 
the  others),  and  are  probably  roughly  alike  in  physical  consti- 
tiition,  and  covered  with  water  and  air.  But  we  hasten  to  say  that 
the  differences  in  the  amount  of  heat  and  light  which  they  receire 
from  the  sun,  and  in  the  force  of  gravity  upon  their  surfaces,  and 
probably  in  tlic  density  of  their  atmospheres,  are  such  as  to  bar  aoy 
positive  conclusions  as  to  their  being  the  abode  of  life  resembling  the 
forms  of  life  with  which  we  are  acqufunted  on  the  earth. 

5&0.  The  four  major  planets,  Jupiter,  Saturn,  Uranus,  and  Nep- 
tune, are  much  larger  bodies  (ranging  in  diameter  fVom  35,000 
to  90,000  miles),  are  much  less  dense,  and  so  far  as  we  can  make 
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out,  prcncnt  to  us  only  a  surface  of  cloud,  and  may  not  have 
anything  solid  about  them.  There  arc  some  reasous  for  snapecting 
that  they  are  at  a  high  temperature  ;  in  fact,  that  Jupiter  is  a  sort  of 
temi-sun;  but  this  is  by  no  means  yet  certain. 

As  for  the  multitudinous  asteroids,  the  probability  is  that  tbcy 
represent  a  single  planet  of  the  terrestrial  group  which,  as  has 
been  intimated,  failed  for  some  reason  in  its  evolntion,  <»  else  bM 
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been  broken  to  pieces.  All  of  them  united  would  not  make  a  planet 
one-half  the  mass  of  the  earth. 

Fig.  170  shows  the  relative  sizes  of  the  different  planets. 

In  what  follows,  all  the  numerical  data,  so  far  as  they  depend  on 
the  solar  parallax,  are  determined  on  the  assumption  that  that  paral- 
lax is  8'^80,  and  that  the  sun's  mean  distance  is  92,894000  miles. 

MERCURY. 

551.  There  is  no  record  of  the  discovery  of  the  planet.  It  has 
been  known  from  remote  antiquity ;  and  we  have  recorded  observci' 
lions  running  back  to  b.c.  264. 

For  a  time  the  ancient  astronomers  seem  to  have  failed  to  recognize  it 
as  the  same  body  on  the  eastern  and  western  sides  of  the  sun,  so  that  the 
Greeks  had  for  a  time  two  names  for  it,  —  Apollo  when  it  was  morning  star, 
and  Mercury  when  it  was  evening  star.  According  to  Arago,  the  Egyptians 
called  it  Set  and  Horns,  and  the  Hindoos  also  gave  it  two  names. 

It  is  so  near  the  sun  that  it  is  comparatively  seldom  seen  with  the 
naked  eye  ;  but  when  near  its  greatest  elongation  it  is  easily  enough 
visible  as  a  brilliant  star  of  the  first  magnitude  low  down  in  the  twi- 
light, perhaps  not  quite  so  bright  as  Sirius,  but  certainly  brighter  than 
Arcturus.  It  is  usually  visible  for  about  a  fortnight  at  each  elonga- 
tion, and  is  best  seen  in  the  evening  at  such  eastern  elongations  as 
occur  in  March  and  April.  In  Northern  Europe  it  is  much  more 
difficult  to  observe  than  in  lower  latitudes,  and  Copernicus  is  said 
never  to  have  seen  it.  Tycho,  however,  obtained  a  considerable 
number  of  observations. 

« 

552.  It  is  exceptional  in  the  solar  system  in  a  great  variety 
of  ways.  It  is  the  nearest  planet  to  the  sun,  receives  the  most  light 
and  heaty  is  the  swiftest  in  its  movement,  and  (excepting  some  of  the 
asteroids)  has  the  most  eccentric  orbit ^  with  the  greatest  inclination 
to  the  ecliptic.  It  is  also  the  smallest  in  diameter  (again  excepting 
asteroids),  has  the  least  jnass^  and  the  g^'eate^  density  of  all  the 
planets. 

553.  Distance,  Light,  and  Heat.  —  Its  mean  distance  from  the 
sun  is  30,000000  miles,  but  the  eccentricity  of  its  orbit  is  so  great 
(0.0205),  that  the  sun  is  seven  and  one-half  millions  of  miles  out  of 
its  centre,  and  the  actual  distance  of  the  planet  from  the  sun  ranges 
all  the  way  from  28,r>00000  to  43.500000,  while  its  velocitv  in  its  orbit 
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varies  from  thirty-five  miles  a  second  at  perihelion  to  only  twenty-three 
at  aphelion.  On  the  average  it  receives  6.7  times  as  much  light  and 
heat  as  the  earth ;  but  the  heat  received  at  perihelion  is  to  that  at 
aphelion  in  the  ratio  of  9  to  4.  For  this  reason  there  must  be  two 
seasons  in  its  year  due  to  the  changing  distance,  even  if  the  equator 
of  the  planet  is  parallel  to  the  plane  of  its  orbit,  which  would  preclude 
seasons  like  our  own.  If  the  planet's  equator  is  inclined  at  an  angle 
like  the  earth's,  then  the  seasons  must  be  very  complicated. 

664.  Period. — The  sidereal  j>eriod  is  very  nearly  88  days,  and 
the  synodic  2>€nod^  or  the  time  from  conjunction  to  conjunction  again, 
is  about  116  days.  The  greatest  elongation  ranges  from  18^  to  28^, 
and  occurs  about  twenty-two  days  before  and  after  the  inferior 
conjunction,  or  about  thirty-six  days  before  and  after  the  superior 
conjunction.  The  planet's  arc  of  retrogression  is  about  12**  (consid- 
erably variable),  and  the  stationary  point  is  very  near  the  greatest 
elongation. 

666.  Inclination.  —  The  inclination  of  the  orbit  to  the  ecliptic  is 
about  7°,  and  the  greatest  geocentric  latitude  (that  is,  the  planet's 
greatest  distance  from  the  ecliptic  as  seen  from  the  earth)  is  some- 
times fully  8^ ;  which  fact,  it  will  be  remembered,  is  the  reason  why 
the  zodiac  was  made  10°  in  width. 

666.  Diameter,  Surface,  and  Volume.  —  The  apparent  diameter 
ranges  from  5''  to  about  13",  accordiug  to  its  distance  from  us ;  the 
least  distance  from  the  earth  being  about  57,000000  miles  (98  — 
36),  while  the  greatest  is  about  129,000000  (93-f-36).  The  real 
diameter  is  very  near  3000  miles,  not  differing  from  that  more  than 
fifty  miles  cither  way.  It  is  not  easy  to  measure,  and  the  ^'  probable 
error"  is  perhaps  rather  larger  than  would  have  been  expected. 
With  this  diameter,  its  surface  is  \  of  the  earth's,  and  its 
volume  1^. 

667.  Mass,  Density,  and  Surface  Oravity.  —  Its  mass  is  very  diffi- 
cult to  determine,  since  it  has  no  satellite,  and  the  values  obtained  by 
La  Place,  Encke,  Leverrier,  and  others,  range  all  the  way  from  ^  of 
the  earth's  mass  to  ■^, 

The  most  recent,  and  perhaps  the  most  reliable,  determination,  although 
the  largest  of  all,  is  that  of  Backlund,  by  means  of  the  perturbations  of 
Encke's  comet.    He  makes  its  mass  about  |  that  of  the  earth.    This  gifos 
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08  a  mean  density  about  2^  times  that  of  the  earth,  or  nearly  12|  times  that 
of  water,  a  little  less  than  that  of  the  metal  mercury.  So  far  as  known,  the 
earth  stands  next  to  it  in  density,  but  with  a  wide  interval,  so  that  Mercury 
is  altogether  exceptional  in  this  respect,  as  has  been  said  before.  The  result, 
however,  is  liable  to  a  considerable  error,  on  account  of  the  uncertainty  of 
the  planet's  mass,  Leverrier's  estimate  of  the  mass  and  density  being  only 
about  one-half  as  great  as  Backlund's.  The  superjicial  gravity  is  about  \  that 
at  the  earth's  surface. 

658.  Its  Albedo^  or  reflecting  power,  as  deteimined  by  Zollner  is 
very  low  —  only  0.13,  somewhat  inferior  to  that  of  the  moon. 

In  1878  Mr.  Nasmyth  observed  the  planet  in  the  same  field  of  view  with 
Venus;  and  although  Mercury  was  then  not  much  more  than  half  as  far 
from  the  sun  as  Venus,  and  therefore  four  times  as  brightly  illuminated,  it 
appeared  to  be  less  luminous  in  the  telescope.  "Venus  was  like  silver, 
Mercury  like  zinc  or  lead." 

In  the  proportion  of  light  given  out  at  its  different  phases,  it 
behaves  like  the  moon,  flashing  out  strongly  near  the  full,  as  if  it  had 
a  surface  of  the  same  rough  structure  as  that  of  our  satellite. 

559.  Telescopic  Appearance  and  Phases.  —  Seen  by  the  telescope, 
the  planet  looks  like  a  little  moon,  showing  phases  precisely  similar 
to  those  of  our  satellite.  At  inferior  conjunction  the  dark  side  is 
towards   us ;   at  superior  conjunction  the  illuminated  surface.     At 


Fio.  171.  —  Phftsea  of  Mercury  and  Venus. 

the  greatest  elongation  it  appears  like  a  half-moon.  Between  supe- 
rior conjunction  and  greatest  elongation  it  is  gibbous,  while  between 
inferior  conjunctions  and  the  elongations  it  shows  the  crescent  phase. 
Fig.  171  illustrates  the  phases  of  both  Mercury  and  Venus. 

For  the  most  part,  Mercury  can  be  observed  only  by  daylight ;  but  when 
proper  precautions  are  taken  to  screen  the  object-glass  of  the  telescope  fnmi 
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the  direct  sunlight,  the  observation  is  not  difficult  The  suifaoe  presents 
very  little  of  interest.  There  are  no  markings  well  enoagh  defined  to  give 
us  any  trustworthy  determination  of  the  planet's  rotation,  or  of  its  geog- 
raphy. Occasionally  the  terminator  (i.e.,  the  line  which  separates  the  illu- 
minated and  unillumiuated  portions  of  the  planet)  appears  to  be  a  little 
irregular,  instead  of  a  true  oval,  as  it  should  be ;  and  at  times  when  the  phase 
is  crescent-form,  the  points,  or  cusps,  are  a  little  blunted ;  from  this  some  as- 
tronomers have  inferred  the  existence  of  high  mountains  upon  the  planet 
Schroter,  a  German  astronomer,  the  contemporary  of  the  elder  Herschel, 
deduced  from  his  observations  a  rotation  period  for  the  planet  of  24  h. 
5  m. ;  but  later  observers,  with  instruments  certainly  far  more  perfect,  have 
not  been  able  to  verify  his  results,  and  they  are  now  considered  as  of  little 
weight. 

660.  Atmosphere.  —  The  evidence  upon  this  subject  is  not  oon- 
clusivc.  Its  atmosphere,  if  it  has  one,  must,  however,  be  much  less 
dense  than  that  of  Venus.  No  ring  of  light  is  seen  surrounding  the 
disc  of  the  planet  when  it  enters  the  limb  of  the  sun  at  the  time  of 
a  transit,  while  in  the  case  of  Venus  such  a  ring,  due  to  the  atmos- 
pheric refraction,  is  very  conspicuous.  On  the  other  hand,  Huggins 
and  Vogel,  who  have  examined  the  spectrum  of  the  planet,  report 
that  certain  lines  in  the  spectrum,  due  to  the  presence  of  water- 
vapor,  were  decidedly  stronger  than  in  the  spectrum  of  the  air  (illu- 
minated by  sunshine),  which  formed  the  background  for  the  planet, 
making  it  probable  that  it  has  an  atmosphere  containing  water-vapor 
like  the  atmosphere  of  the  earth,  but  probably  less  extensive  and 
dense. 

661.  Transits. — Usually  at  the  time  of  inferior  conjunction  the 
planet  passes  north  or  south  of  the  sun,  the  inclination  of  its  orbit 
being  7® ;  but  if  the  conjunction  occurs  when  the  planet  is  very  near 
its  node,  it  will  cross  the  disc  of  the  sun  and  be  visible  upon  it  as  a 
small  black  spot — not,  however,  large  enough  to  be  seen  without  a 
telescope «  as  Venus  can  under  similar  circumstances. 

At  this  time  we  have  the  l>eHt  opportunity  for  measuring  the  diameter  of 
the  planet ;  but  unless  special  precautions  are  taken,  the  measured  diameter 
under  these  circumstances  is  likely  to  be  too  small,  on  account  of  the  irradia> 
tion  of  the  surrounding  background,  which  encroaches  upon  the  planet's  disc 

Since  the  planet's  nodes  are  in  longitudes  227^  and  47^,  and  are 
passed  by  the  earth  on  May  7  and  November  9,  the  transits  can 
occur  only  near  those  da^s.  If  the  orbit  of  the  planet  were  strictty 
circular,  the  ^^  transit  limit"  (corresponding  to  an  ecliptic  limit) 
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woald  be  2^  10';  but  at  the  May  transits  the  planet  is  near  its 
aphelion  and  much  nearer  the  eai-th  than  ordiuaril}',  so  that  the  limit 
is  diminished,  while  the  November  limit  is  correspondingly  increased. 
The  May  transits  are  in  fact  only  about  half  as  nnmeroM  as  the 
November  transits. 

662.  Interval  between  Transits.  — Twenty-two  synodic  periods  of 
Mercury  are  pretty  nearly  equal  to  7  years ;  41  still  more  nearly 
equal  13  years;  and  145  almost  exactly  equal  46  years.  Hence, 
after  a  November  transit,  a  second  one  is  possible  in  7  years,  prob- 
able in  13  years,  and  practically  certain  in  46.  For  the  May  tran- 
sits the  repetition  after  7  years  is  not  possible,  and  it  often  fails  in 
13  years. 

The  transits  of  the  present  century  are  the  following: — 

May  Transits.  —  1832,  May  5 ;  1845,  May  8 ;  1878,  May  6 ;  1891,  May  9. 

November  Transits. —  1002 y  Nov.  9;  1815,  Nov.  11;  1822,  Nov.  5;  1835, 
Nov.  7;  1848,  Nov.  10;  1861,  Nov.  12;  1868,  Nov.  5;  1881,  Nov.  7;  1894, 
Nov.  10. 

The  first  transit  of  Mercury  ever  observed  was  by  Gassendi,  Nov.  7,  1631. 

The  transits  of  Mercury  are  of  no  particular  astronomical  importance, 
except  as  giving  accurate  determinations  of  the  planet's  place,  by  means  of 
which  its  orbit  can  be  determined.  Newcomb  has  also  recently  made  an 
investigation  of  all  the  recorded  transits,  for  the  purpose  of  testing  the 
uniformity  of  the  earth's  rotation.  They  indicate  no  perceptible  change  in 
the  length  of  the  day. 

VENUS. 

663.  The  next  planet  in  order  from  the  sun  is  Venus,  the  brightest 
and  most  conspicuous  of  all,  the  earth's  twin  sister  in  magnitude, 
density,  and  general  constitution,  if  not  also  in  age,  as  to  which  we 
have  no  knowledge.  Like  Mercury,  it  had  two  names  among  the 
Greeks,  —  Phosphoitis  as  morning  star,  and  Hesperus  as  evening  star. 
It  is  so  brilliant  that  it  is  easily  seen  by  the  naked  eye  in  the  daytime 
for  several  weeks  when  near  its  greatest  elongation ;  sometimes  it  is 
bright  enough  to  catch  the  eye  at  once,  but  usually  it  is  seen  by  day- 
light ouly  when  one  knows  precisely  where  to  look  for  it. 

(It  is  not,  however,  the  "  Star  of  Bethlehem"  though  it  has  of  late  been 
frequently  taken  for  it.) 

564.  Distance,  Period,  and  Inclination  of  Orbit.  —  Its  mean  dis- 
tance from  the  sun  is   67,200000  miles.     The  eccentricity  of  the 
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orbit  is  the  smallest  in  the  planetary  system  (only  0.007) ,  so  that  the 
greatest  and  least  distances  of  the  planet  from  the  son  differ  from 
the  mean  only  470,000  miles  each  wa}*.  Its  orbital  velocity  is 
twenty-three  miles  per  second. 

Its  sidereal  period  is  225  days,  or  seven  and  one-half  months,  and 
its  synodic  period  584  days  —  a  year  and  four  months.  From  supe- 
rior conjunction  to  elongation  on  either  side  is  220  days,  while  Arom 
inferior  conjunction  to  elongation  is  only  71  or  72  days.  The  arc  of 
retrogression  is  16". 

27te  inclination  of  its  orbit  is  only  3^". 

666.  Diameter,  Surface,  and  Volume. — The  apparent  diameter 
ranges  from  67"  at  the  time  of  inferior  conjunction  to  only  11"  at  the 
superior.  This  great  difference  depends,  of  course,  upon  the  enor- 
mous change  in  the  distance  of  the  planet  from  the  earth.  At 
inferior  conjunction  the  planet  is  only  26,000000  miles  from  us  (93 
—  67).  No  other  body  ever  comes  so  near  the  earth  except  the 
moon,  and  occasionally  a  comet.  Its  greatest  distance  at  superior 
conjunction  is  160,000000  miles  (93  +  67),  so  that  the  ratio  between 
the  greatest  distance  and  the  least  is  more  tlian  6  to  1 . 

The  real  diameter  of  the  planet  is  7700  (±  30)  miles.  Its  Mir- 
face,  as  compared  with  that  of  the  earth,  is  ninety-five  per  cent; 
its  volume  ninety-two  per  cent. 

666.  Mass,  Density,  and  Oravity. — By  means  of  the  perturba- 
tions she  produces  upon  the  earth,  the  inass  of  Venus  is  found  to  be 
seventy-eight  per  cent  of  the  earth's ;  hence  her  density  is  eighty-six 
per  cent,  and  her  superficial  gravity  eighty-three  per  cent  of  the 
earth's. 

667.  Phases. — The  telescopic  appearance  of  the  planet  is  strik- 
ing  on  account  of  her  great  brilliance.  AVhen  about  midway  between 
greatest  elongation  and  inferior  conjunction  she  has  an  apparent 
diameter  of  40",  so  that,  with  a  magnifying  power  of  only  forty-five, 
she  looks  exactly  like  the  moon  four  days  old,  and  of  precisely  the 
same  apparent  size. 

Very  few  persons,  however,  would  think  so  on  their  fir8t  view  through 
the  telescoi)e,  for  a  novice  always  underrates  the  apparent  size  of  a  tele- 
scopic object :  lie  instinctively  adjusts  his  focus  as  if  looking  at  a  picture 
only  a  few  inches  away,  instead  of  projecting  the  object  visually  Into 
tlie  sky. 
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According  to  the  theory  of  Ptolemy,  Venue  coiiKl  never  ehon-  us 
more  than  half  her  illumiaated  anrface,  since  according  to  his  hypoth- 
eeis  she  waa  almaj/s  b^ween  ut  and  the  svppoaed  orbit  of  the  aan 
(Art.  500).  Accordingly,  when  in  IGIO  Galileo  diecoTered  that  she 
exhibited  tlie  gibbous  phase  as  well  as  the  crescent,  it  was  a  strong 
ailment  for  Copernicus.  Galileo  announced  his  discovery  in  a  curiotts 
way,  hy  publishing  the  anagram,  — 

"  Hue  immatura  a  me  jam  frustra  legmitur ;  o.  y." 
Some  months  later  he  furnished  the  translation,  — 
"  Cynthie  figuraa  femulat  matar  smorum," 

which  is  formed  by  merely  transposing  the  letters  of  tJie  anagram. 
His  object  was  to  prevent  any  one  from  claiming  to  have  anticipated 
him  in  this  discovery,  as  had  been  done  with  respect  to  his  discovery 
of  the  Sim  spots. 


Fid.  nj.  —  TclMcopk  AppurucHDl  V«i». 

Fig.  ITS  represents  the  disc  ot  the  planet  as  seen  at  four  points  in  its 
orbit.  1,  3,  and  5  are  talten  at  superior  conjunction,  greatest  elongation, 
and  near  inferior  conjunction  respectively,  while  2  and  1  are  at  interme- 
diate points. 

568.  Kaximnm  Brightneu. -~  The  planet  attuDs  jts  maximom 
brilliance  thirty-six  days  before  and  after  inferior  conjunction,  at  r 


880  VENUS. 

distance  of  about  38°  or  89''  from  the  sun,  when  its  phase  is  like  that 
of  the  mooD  about  five  days  old.  It  then  easts  a  strong  shadow, 
and,  as  has  already  been  said,  is  easily  visible  by  day  with  the 
naked  eye. 

669.  Surface  Markings.  —  These  are  not  at  all  conspicuous.  Near 
the  limb  of  the  planet,  which  is  always  much  brighter  than  the  central  parts 
(as  is  also  the  case  with  Mercury  and  Mars ),  they  can  never  be  well  seen, 
althougli  sometimes  when  Venus  wjis  in  the  crescent  phase,  intensely  bright 
spots  have  l)een  reported  near  the  cusps,  as  at  a  and  b  in  No.  4,  Fig.  172. 
These  may  perhaps  be  ice-caps  like  those  which  are  seen  on  Mars.  Near  the 
**  terminator,"  which  is  less  brilliant  and  less  sharply  defined  than  the  limb, 
irregular  darkish  shadings  are  sometimes  seen,  such  as  are  indicated  by  the 
dotted  lines  in  the  figures,  but  without  any  distinct  outline,  lliey  may  be 
continents  and  oceans  dimly  visible,  or  they  may  be  mere  atmospheric 
objects ;  observations  do  not  yet  decide. 

670.  Rotation  of  the  Planet. — From  the  ob8er>^ation  of  such 
markings  Schroter  deduced  the  rotation  period  of  23^  21?,  which  hns 
since  been  substantially  confirmed  b}'  a  number  of  other  observers, 
and  is  probably  nearly  correct.  De  Vico  concluded  that  the  planet*8 
equator  makes  an  angle  of  about  bi^  with  the  plane  of  its  orbit. 
This,  however,  is  extremely  doubtful.  If  the  bright  spots  whicli 
have  been  referred  to  in  Art.  5()9  are  really  ix>lar  ice-caps,  the 
equator  cannot  hv.  very  greatly  inclined.  (See  Gierke's  "  History  of 
Astronomy,"  p.  299.) 

No  sensible  difference  has  been  ascertained  between  the  different  diam- 
eters of  the  planet.  If  it  were  really  as  much  flattened  at  the  poles  as  the 
earth  is,  there  should  be  a  difference  of  0".2  l>etween  the  polar  and  equato- 
rial diameters  as  measured  at  the  time  of  the  i)lanct*s  trausit 

671.  Mountains. — From  certain  iiTegularitics  occasionally  oIh 
served  ui)on  the  terminator,  and  especially  from  the  peculiar  blunted 
form  of  one  of  the  cusps  of  tlie  crescent,  various  observers  have  con- 
cluded that  there  are  numerous  high  mountains  ui>on  the  surface  of 
the  ])lanet.  Schroter  assigned  to  some  of  those  near  the  southern 
pole  the  extravagant  altitude  of  twenty-five  or  Miirty  railen,  but  the 
evidence  is  cntirelv  insutUcieut  to  warrant  anv  confidence  in  the  con* 
elusion. 

672.  Alb«do.  —  According  to  ZoUner  the  Albedo  of  the  planet  is 
0.50,  which  is  about  three  times  that  of  the  moon,  and  almost  four 
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times  that  of  Mercury.  It  is,  however,  exceeded  bj  the  reflecting 
power  of  the  surfaces  of  Jupiter  and  Uranus,  while  that  of  Saturn 
appears  to  be  about  the  same.  This  high  reflecting  power  probably 
indicates  that  the  surface  is  mostly  covered  with  cloud,  as  few  rocks 
or  soils  could  match  it  in  brightness. 

573.  Evidences  of  Atmosphere.  —  When  the  planet  is  near  the 
sun,  the  horns  of  the  crescent  extend  notably  beyond  the  diameter, 
and  when  very  near  the  sun,  a  thin  line  of  light  has  been  seen  by 
several  observers,  especially  Professor  Lyman  of  New  Haven,  to 
complete  the  whole  circumference.  This  is  due  to  refraction  of  son- 
light  by  the  planet's  atmosphere,  a  phenomenon  still  better  seen  as 
the  planet  is  entering  upon  the  sun's  disc  at  a  transit,  when  the 
black  disc  is  surrounded  by  a  beautiful  ring  of  light.  From  the  ob- 
servations of  the  transit  of  1874,  Watson  concluded  that  the  planet's 
atmosphere  must  have  a  depth  of  about  fifty-five  miles,  that  of  the 
earth  being  usually  reckoned  at  forty  miles.  Other  observers  in 
different  ways  have  come  to  substantially  the  same  results.  Its 
atmosphere  is  probably  from  one  and  a  half  to  two  times  as  extensive 
and  dense  as  our  own,  and  the  spectroscope  shows  evidence  of  the 
presence  of  water- vapor  in  it. 

Lights  on  Dark  Portion.  —  Many  observers  have  also  reported 
faint  lights  as  visible  at  times  on  the  dark  portion  of  the  planet's 
disc.  These  cannot  be  accounted  for  by  reflection,  but  must  origi- 
nate on  the  planet's  surface ;  tliey  recall  the  Aurora  Borealis  and 
other  electrical  manifestations  on  the  earth. 

574.  Satellites.  —  No  satellite  is  known,  although  in  the  last 
century  a  number  of  observers  at  various  times  thought  they  had 
found  one. 

In  most  cases  they  observed  small  stars  near  the  planet,  which  we  can 
now  identify  by  computing  the  place  occupied  by  the  planet  at  the  date  of 
observation.  It  is  not,  however,  impossible  that  the  planet  may  have  some 
very  minute  and  near  attendants  like  those  of  Mars,  which  may  yet  be 
brou^'lit  to  light  by  means  of  the  great  telescopes  of  the  future,  or  by  pho- 
tography. Of  course  the  extreme  brilliance  of  the  planet,  and  the  fact  that 
it  is  visible  only  in  strong  twilight,  make  the  discovery  of  such  objects,  if 
they  exist,  very  difficult. 

575.  Transits.  —  Occasionally  Venus  passes  between  the  earth 
and  the  sun  at  inferior  conjunction,  giving  us  a  so-called  ^*  transit" 
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She  is  then  visible  (even  to  the  naked  eye)  as  a  black  spot  on  the 
disc,  crossing  it  from  cast  to  west. 

As  the  inclination  of  the  planet's  orbit  is  but  3^°,  the  *^  tramU 
limit"  is  small  (only  IJ**),  and  the  transits  are  therefore  very  rare 
phenomena.  The  sun  passes  the  nodes  of  the  orbit  on  June  5  and 
December  7,  so  that  all  transits  must  occur  on  or  near  those  dates. 
When  Venus  crosses  the  sun's  disc  centrally,  the  duration  of  the 
transit  is  about  eight  hours.  Taking  the  mean  diameter  of  the  sun 
as  32',  or  -^^  of  a  circumference,  and  the  planet's  synodic  period 
as  584  days,  the  geocentric  duration  of  a  central  transit  should  be 
^11  X  sh  X  ^^**'*'  which  equals  0.332  days,  or  7^  58"*. 

When  the  transit  track  lies  near  the  edge  of  the  disc,  the  duration 
is  of  course  correspondingly  shortened. 

676.  Beonrrence  of  Transits.  —  Five  synodic,  or  thirteen  sidereal/ 
revolutions  of  Venus  are  very  nearly  equal  to  eight  years,  the  diflfer- 
ence  being  only  a  little  more  than  one  day ;  and  still  more  nearly,  in 
fact  almost  exactly,  243  years  are  equal  to  152  synodic,  or  395  side- 
real, revolutions.  If,  then,  we  have  a  transit  at  any  time,  we  may 
have  another  at  the  same  node  eight  years  earlier  or  later.  Sixteen 
years  before  or  after  it  would  be  imiK>s8ible,  and  no  other  transit 
can  occur  at  the  same  node  until  after  the  lapse  of  ttvo  hundred  and 
thirty-fice  or  two  hundred  and  forty-three  years. 

If  the  planet  crosses  the  sun  nearly  centrally,  the  transit  will  not 
be  accompanied  by  another  at  an  eight-year  interval,  but  the  planet 
will  pass  cither  north  or  south  of  the  sun's  disc,  at  the  conjunctions 
next  preceding  and  following.  If,  however,  as  is  now  the  case,  the 
transit  path  is  near  the  noilhern  or  southern  edge  of  the  sun,  then 
there  will  l>c  a  companion  transit  across  the  opi>osite  edge  of  the 
disc  eight  years  before  or  after.  Thus,  if  we  have  a  pair  of  June 
transits,  separated  by  an  eight-year  inter\'al,  it  will  be  followed  by 
another  pair  at  the  same  node  in  243  years ;  and  a  pair  of  December 
transits  will  come  in  al)out  halfway  between  the  two  pairs  of  June  tran- 
sits. After  a  thousand  years  or  so  from  the  present  time  the  transits 
will  cease  to  come  in  pairs,  as  they  have  been  doing  for  2000  years. 

677.  Transit^u  of  Venus  have  occurred  or  will  occur  on  the  foUowing 

dates  I  "^^ 

December  7,  10:31.  >  June  5,  1T«1.  j 

December  4,  1639.  >  June  3,  1709.  > 

DeceniWr  9,  1874. )  June  8,  2004. 


December  6,  1882 


4. )  June  8,  2004.  ) 

2.  >  June  6,  2012.  i 
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The  special  interest  in  these  transits  consists  in  the  use  that  has  been 
made  of  them  for  the  purpose  of  finding  the  sun's 
parallax,  a  subject  which  will  be  discussed  later  on 
(Chap.  XVI.). 

The  first  observed  transit,  in  1639,  was  seen  by 
only  two  persons,  —  Horrox  and  Crabtree,  in  Eng- 
land. The  four  which  have  occurred  since  then 
have  been  extensively  observed  in  all  parts  of  the 
world  where  they  were  visible,  by  scientific  expeditions 
sent  out  for  the  purpose  by  different  nations.  The 
transits  of  1769  and  1882  were  visible  in  the  United  Fio.  173. 

States.     Fig.  173  shows  the  track  of  Venus  across   Traiuit  of  Venu*  Tracks, 
the  sun's  disc  at  the  two  transits  of  1874  and  1882. 

MARS. 

This  planet  is  also  prehistoric  as  to  its  discovery.  It  is  so  con- 
spicuous in  color  and  brightness,  and  in  the  extent  and  apparent 
capriciousness  of  its  movement  among  the  stars,  that  it  coald  not 
have  escaped  the  notice  of  the  very  earliest  observers. 

578.  Orbit. — Its  mean  distance  from  the  sun  is  141,500000 
miles,  and  the  eccentricity  of  the  orbit  is  so  considerable  (0.093)  that 
this  distance  varies  about  13,000000  miles.  The  ligfU  and  heat 
which  it  receives  from  the  sun  is  somewhat  less  than  half  of  that 
received  b}'  the  earth.  The  inclination  of  its  orbit  is  small,  1°  51'. 
The  planet's  sidereal  period  is  687  days,  or  V  10^™®,  which  gives 
it  an  average  orbital  velocity  of  fifteen  miles  per  second.  Its 
st/jwdic  period  is  780  days,  or  2^  1|™* ;  the  longest  in  the  planetary 
system,  that  of  Venus  (584  days)  coming  next.  Of  the  780  days,  it 
moves  eastward  during  710,  and  retrogrades  during  70,  through  an 
arc  of  1H°. 

579.  At  opposition  its  average  distance  from  the  earth  is  48,600- 
000  miles  (141,500000  miles  minus  92,900000  miles).  When  the 
opposition  occurs  near  the  planet's  perihelion,  this  distance  is  reduced 
to  35,500000  miles ;  if  near  aphelion,  it  is  increased  to  over 
r>I  ,000000.  At  superior  conjunction  the  average  distance  from  the 
earth  is  234,400000  miles  (141,500000  plus  92,900000). 

The  apparent  diameter  and  brillianc}'  of  the  planet,  of  course,  vary 
enormously  with  these  great  changes  of  distance. 

If  we  put  R  for  the  planet's  distance  from  the  sun,  and  A  for  its  distance 
from  the  earth,  its  brightness,  neglecting  the  correction  for  phase,  should 
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equal  -^zi-  ^°  ^^^  ^^  ^^  ^^^  taking  the  brigbtneM  at  conjnndion 
as  unity  (at  which  time  the  planet  ia  about  as  bright  as  the  pole^tar),  it  ia 
more  than  twenty-three  times  brighter  at  the  acerage  opposition,  and  fifty- 
three  tiiuea  brighter  if  the  opposition  occurs  at  the  planet's  perihelion.  At 
an  unfavorable  opposition  Mars,  as  liss  been  said,  may  be  61,000000  miles 
distant,  aud  its  brightness  then  is  only  about  twelve  times  ss  great  as  at 
conjunction,  —  the  difference  between  favorable  aud  unfavorable  oppositions 
being  more  than  four  to  one. 

These  favorable  oppositions  occur  always  in  the  latter  part  of  August  (at 
which  date  the  sun  passes  the  line  of  apsides  of  the  planet),  and  at  intervals 
of  fifteen  or  seventeen  years.  The  last  was  in  1877,  and  the  next  will  be  in 
1692.  A  reference  to  Fig.  159  will  show  how  great  ia  the  difference  between 
the  planet's  opposition  dbtance  from  the  earth  under  varying  circamstaooes. 

680.  Diameter,  Snrfaoe,  and  Volume.  — The  apparent  diameter  of 
the  planet  raogeB  from  3".6  at  conjunction,  to  24" .5  at  a  favorable 
opposition.  Its  real  diameter  is  very  closely  4200  miles, — the  error 
may  be  twenty  milea  one  way  or  the  other.  This  makes  its  surface 
0.28,  and  its  volume  0.147  (equal  to  f )  of  the  earth's. 

S81.  Xaat,  Seiuity,  and  OniTity. — Observations  upon  ita  utel- 
lites  give  its  mass  as  i  compared  with  that  of  the  earth.  Thia 
makes  its  density  0.73  and  superficial  gravity  0.38 ;  that  is,  a  body 
which  weighs  100  poiio<1s  on  the  earth  would  have  a  weight  of  38 
pounds  OD  the  surface  of  Mars. 

682.  PliaMi.  — Since  the  orbit  of  tlie  planet  is  outside  that  of  the 
earth,  it  never  comes  between  us  and  the  sun, 
and  can  never  show  the  creacejU  phase;  but  at 
quadrature  enough  of  the  uuilluminated  portion 
is  turned  towards  the  earth  to  make  tbe  diac 
clearly  gibboua  like  the  moon  three  or  four  days 
from  full.  Fig.  174  shows  its  maximum  phase 
accurately  drawo  to  scale. 

no.iu.  ^^-    The  "Albedo"  of  th« Planet.  — Acoord- 

Omint  FtwH  o[  Urn.     '"8  ^  Zollner's  observations  this  is  0.26,  which 
is  considerably  higher  than  that  oE  the  moon 
(^),  and  just  double  that  of  Mercury. 

684.  Botation.  — Tbe  planet's  time  of  rotation  is  21^  87"  S2*.67. 
This  very  exact  determination  has  been  made  by  Kaiser  and  B.  A. 
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Proctor,  b}-  compariog  drawings  of  the  planet  which  were  made  more 
tbaa  200  years  ago  by  Huygbens  with  others  mode  recently. 

It  is  obvious  that  observations  made  a  few  days  or  weeks  apart  will 
give  the  time  or  rotation  with  only  approximate  accuracy.  Knowing 
it  thus  approximately,  we  can  then  determine,  without  fear  of  error, 
the  ichole  number  of  rotaliona  between  two  observations  separated  by 
a  much  longer  interval  of  time.  This  will  give  a  second  and  closer 
approximation  to  the  true  period ;  and  with  this  we  can  carry  our 
reckoning  over  centuries,  and  tims  finally  determine  the  period  within 
a  very  minute  fraction  of  a  second.  The  number  given  is  not  uncer- 
tain  by  more  than  ^  of  a  second,  if  so  much. 

085.  The  laolinmtion  of  the  Pluwt'i  Equator  to  th*  Plana  of  iti 
Orbit.  —  This  Is  very  nearly  24°  50'  (26°21'to  the  echj>(ic) ,  not  very 
different  from  the  inclination  of  the  earth's  equator ;  so  far,  therefore, 
as  depends  upon  that  circumstance,  its  seasons  should  be  substantially 
the  same  as  our  own. 

686.  Polar  CompreHioiL  —  There  is  a  slight  but  sensible  flatten- 
ing of  the  planet  at  the  poles.  The  earlier  observers  found  for  the 
polar  compression  values  as  large  as  ^,  and  even  ^.  These  large 
values,  however,  are  inconsistent  with  the  existence  of  any  extensive 
surface  of  liquid  upon  the  planet,  and  mure  recent  observations 
of  the  writer  show  the  polar  compression  to  be  about  ^^ ;  which  is 
almost  exactly  what  would  be  expected  from  a  planet  constituted  as 
we  suppose  Mars  to  be 

687.  Telescopic  Appearance  and  SnHaoe-XarUngi.  —  The  fact 
that  we  are  able  to  determine  the  time  of  rotation  so  accurately  of 
course  implies  the  existence  of  identifiable  markings  upon  tbe  sur- 
face.    Viewed  througli 

a    powerful    telescope, 

ttie  planet's  disc,  as  a 

whole,   is    ruddy,  —  in 

fact,  almost  rose  color, 

—  very  bright    around 

the  limb,  liut  not  at  the 

■'  terminator,"  if  there  is 

any  considerable  phase.  fia.  iis.— TtkHopie  Viawi  oi  H>n 

The  central  ix>rtioD8  of 

the  disc  present  greenish  and  purplish  patches  of  shade,  for  the 

moat  part  not  sharply  defined,  though  some  of  the  markiDgB  have 


outlines  reasonably  distinct.  On  natoliiog  the  planet  for  only  a  few 
hours  even,  the  markings  pass  on  across  the  disc,  and  are  replaced 
by  others.  Some  of  them  are  permaDent,  and  recur  at  regular  io- 
tervals  with  the  same  form  and  appearance,  while  others  appear  to 
be  only  clouds  which  for  a  time  veil  the  surface  below,  and  then 
clear  away. 

By  comparing  drawings  made  when  ttie  aame  side  is  tnmed  towards 
the  earth,  it  is  t)OBsible  in  a  short  time  to  ascertain  what  features 
really  belong  to  the  plnnet's  g<ography. 

The  polar  ice-caps,  brilliant  white  patches  near  the  poles,  form  a 
marked  feature  in  the  planet's  telescopic  appearance.  These  are  be* 
lieved  to  be  ice-cops  from  the  fact  that  the  one  which  is  near  the  pole 
that  happens  to  be  turned  towards  the  sun  continually  diminishes  in 
size,  while  the  other  increases,  tbe  process  being  reversed  with  the 
seasons  of  the  planet. 

088.  The  principal  peculiarity  of  the  surface  of  Mars  appears  to 
be  tbe  way  in  which  land  and  water  are  intermeshed.  There  seem  to 
be  few  great  oceans  and  continents,  but  there  are  narrow  arms  of  tbe 
aea,  like  the  Baltic  and  the  Red  Sea,  penetrating  and  dividing  tbe 
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land  musses.  As  to  the  nomenclature  of  the  principal  "  Are<^raphic  " 
fenturea,  Mr.  l'roct4)r  in  his  map  lias  for  the  most  port  assigned  tbe 
names  of  astronomers  who  have  taken  s|)ecial  interest  in  the  stud;  of 
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the  planet.  Sehiaparelli,  on  the  other  hand,  has  taken  his  names 
mostly  from  classical  geogi*aphy.  Fig.  176  is  a  reduced  copy  of  his 
map  of  the  planet,  drawn  on  Mercator's  Projection.  The  student 
will  remember  that  in  maps  of  this  sort  the  polar  regions  are  ex- 
tended beyond  their  due  proportion,  and  also  that  the  parts  near  the 
])ole9  can  never  be  seen  from  the  earth  nearly  as  well  as  those  near 
the  equator,  and  hence  that  our  knowledge  of  the  details  in  that  part 
of  the  planet  is  very  limited.     (See  note  to  Art.  588,  p.  347.) 

589.  Atmosphere.  —  At  one  time  it  was  supposed  that  the  atmos- 
phere of  the  planet  is  very  dense,  but  more  recent  observations  have 
shown  that  this  cannot  be  the  case.  The  probability  is  that  its  density 
is  considerably  less  than  that  of  our  own  atmosphere.  Dr.  Huggins 
has  found  with  the  spectroscope  unequivocal  evidence  of  the  presence 
of  aqueous  vapor.  Although  the  planet  receives  from  the  sun  less 
than  half  the  amount  of  heat  and  light  per  unit  of  surface  that  the 
earth  does,  the  climate  appears,  for  some  reason  not  yet  discov- 
ered, to  be  much  more  mild  than  would  be  expected.  So  far  as 
we  can  judge,  the  water  on  the  planet  is  never  frozen  except  very 
near  the  poles.  The  earth,  as  seen  from  Mars,  would  present  muoh 
more  extensive  snow-caps. 

690.  Satellites.  — There  are  two  satellites,  which  were  discovered 
in  August,  1877,  by  Professor  Hall  at  Washington  with  the  then 
new  26-inch  telescope.  They  are  exceedingly  minute,  and  can  be 
seen  only  with  the  most  powerful  instruments.  The  outer  one, 
Deiinos,  is  at  a  distance  of  14,600  miles  from  the  centre  of  the 
pliinet,  and  has  a  period  of  30^  18™,  while  the  inner  one,  Phobos, 
is  tit  a  distance  of  only  5800  miles,  and  its  month  is  but  7*"  39" 
long,  not  one-third  of  the  day  of  Mars.  Owing  to  this  fact  it  rises  in 
ihe  west  every  night  for  the  *'^  MaHicoli"  (if  there  are  any  people 
there)  and  sets  in  the  east^  after  about  11**. 

Deimos  does  not  do  this ;  it  rises  in  the  east  like  other  stars,  but 
its  orbital  eastward  motion  among  the  stars  is  so  nearly  equal  to  its 
diurnal  motion  westward,  that  it  is  nearly  132  hours  between  rising 
and  setting.  This  is  more  than  four  of  its  months,  so  that  it  under- 
goes all  its  changes  of  phase  four  times  in  the  interval. 

Of  course,  both  the  satellites  are  frequently  eclipsed,  —  the  inner 
one  at  every  revolution  ;  and  it  also  transits  across  the  sun's  disc  at 
every  new  moon,  as  seen  from  some  point  or  other  on  the  planet^s 
surface. 
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Tbeir  orbits  appear  to  be  exactly  circular,  and  they  more  ezactlj 
in  the  plane  of  the  planet's  equator ;  and  they  keep  so,  maintained  in 
their  relation  to  the  equator  by  the  action  of  t^e  "  equatorial  bulge" 
upon  the  planet. 

691 .  As  givers  of  moonlight  they  do  not  amount  to  much.  Their 
diameters  are  too  small  to  be  measured  with  any  micrometer;  but 
from  their  apparent  ^^  magnitude"  {i.e.,  brightness),  as  seen  from 
the  earth,  and  assuming  that  their  surfaces  have  the  same  reflective 
power  as  that  of  the  planet,  Professor  Pickering  has  estimated  the 
diameter  of  Phobos,  which  is  the  larger  one,  as  about  seven  miles, 
and  that  of  Deimoa,  aa  five  or  six.  The  light  given  by  Phobos  to 
the  inliabitants  of  Mars  would  be  about  ^  of  our  moonlight ;  that 
of  Deimos  about  j^sn- 

The  period  of  Phobos  is  by  far  the  shortest  period  in  the  solar  sys- 
tem. Next  to  it  is  that  of  Mimas,  the  inner  satellite  of  Saturn, 
which,  however,  is  nearly  three  times  as  long,  —  22}^.     This  rapid- 
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ity  of  revolution  raises  important  questions  as  to  the  theory  of  Uie 
develojiment  of  the  solar  system,  and  requires  modification  of  the 
views  which  ha<i  been  held  up  to  the  time  of  tbeir  discovery.  If 
the  nebular  hypothesis  is  true,  a  shortening  of  the  satellite's  period, 
or  a  lengthening  of  the  planet's  day,  must  have  occurred  since  the 
satellite  came  into  Ix-ing,  since  that  hypothesis  will  not  account  for  the 
existence  of  a  satellite  having  a  period  shorter  than  the  dinmal  rot^ 
tion  of  its  primary.     Fig.  177  is  a  diagram  of  the  satellite  orbits  M 
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they  appeared  from   the  earth  in  1888.     It  is  reduced  from  the 
American  Nautical  Ahnanac  for  that  year. 

THE  ASTEROIDS,  OR  MINOR  PLANETS. 

692.  These  are  a  group  of  small  planets  circulating  in  the  space 
between  Mars  and  Jupiter.  The  name  ^*  asteroid  "  was  suggested 
by  Sir  William  Herschel  early  in  the  century,  when  the  first  ones 
were  discovered.     The  later  term  planetoid  is  preferred  by  many. 

It  was  very  early  noticed  that  there  is  a  break  in  the  series  of  the 
distances  of  the  planets  from  the  sun.  Kepler,  indeed,  at  one  time 
thought  he  had  discovered  the  true  law  ^  and  the  real  reason  why  the 
planets'  distances  are  what  they  are.  This  theory  of  his  was  broached 
tweuty-two  years,  however,  before  he  discovered  the  harmonic  law, 
and  he  probably  abandoned  it  when  he  discovered  the  elliptical  form 
of  the  planets*  orbits.  At  any  rate,  in  later  life  he  suggested  that 
it  was  likely  that  there  was  a  planet  between  Mars  and  Jupiter  too 
small  to  be  seen. 

The  impression  that  such  a  planet  existjed  gained  ground  when 
Bode  published  the  law  which  bears  his  name  in  1772,  and  it  was 
still  further  deepened  when,  nine  years  later,  in  1781,  Uranus  was 
discovered,  and  the  distance  of  the  new  planet  was  found  to  con- 
form to  Bode's  law.  An  association  of  twenty-four  astronomers, 
mainly  German,  was  immediately  formed  to  look  for  the  missing 
planet,  who  divided  the  zodiac  between  them  and  began  the  work. 

1  His  supposed  law  was  as  follows:  Imagine  the  son  surrounded  hj  a  hollow 
splierical  shell,  on  which  lies  the  orbit  of  the  earth.  Inside  of  this  shell  inscribe 
a  regular  icosahedron  (the  twenty-sided  regular  solid),  and  within  that  inscribe  a 
second  sphere.  This  sphere  will  cany  upon  it  the  orbit  of  Venus.  Inside  of  the 
sphere  of  Venus  inscribe  an  octahedrtm  (the  eight-sided  solid),  and  the  sphere 
which  fits  within  it  will  carry  Mercury's  orbit  Next,  working  outwards  from  the 
earth's  orbit,  circumscribe  around  the  earth's  sphere  a  dodecahedron,  circum- 
scribing around  it  another  sphere,  and  this  wUl  carry  upon  it  the  orbit  of  Mars. 
Around  the  sphere  of  Mars  circumscribe  the  tetrahedron,  or  the  regular  pyra- 
mid. The  comers  of  this  solid  project  very  far,  so  that  the  sphere  circumscribed 
around  the  tetrahedron  will  be  at  a  Tery  great  distance  from  the  sphere  of  Mart. 
It  carries  the  orbit  of  Jupiter.  Finally,  the  cube,  or  hexahedron,  circumscribed 
around  the  orbit  of  Jupiter,  gives  us  in  the  same  way  the  orbit  of  Saturn.  We 
thus  obtain  a  series  of  distances  not  enormously  incorrect  (though  by  no  means 
agreeing  with  fact  even  as  closely  as  does  Bode's  law)  ;  and,  moreover,  the  theory 
had  the  great  advantage  to  Kepler's  mind  of  accounting  for  the  fact  that  there 
are  (ho  far  as  was  then  known)  but  seren  planets,  there  being  possible  but  Ji9$ 
regular  solids. 
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SiDgalarly  enough,  however,  the  first  discoTery  was  made,  not  by  a 
member  of  this  association,  but  by  Hazzi,  the  Sicilian  astronomer  of 
Palermo,  who  was  then  engaged  upon  an  extensive  star-catalogue. 
On  January  1,  1801,  he  observed  a  seventh-magnitude  star  which  by 
the  next  evening  had  unquestionably  moved,  and  kept  on  moving. 
He  ot>ser\'e<l  it  carefully  for  some  six  weeks,  when  he  was  taken  ill ; 
Ijefore  he  recovered,  it  had  passed  on  towards  superior  conjunction, 
and  was  lost  in  the  ravs  of  the  sun.  He  named  it  Ceres^  after  the 
tutelary  goddess  of  Sicily. 

When  at  length  the  news  reached  Germany  in  the  latter  part  of  March 
it  created  a  great  excitement,  and  the  problem  now  was  to  rediscover  the 
lost  planet  The  association  of  planet-hunters  began  the  search  in  Septem- 
ber, as  soon  as  its  elongation  from  the  sun  was  great  enough  to  give  any 
prospect  of  success.  During  the  summer  Gauss  devised  his  new  method 
of  computing  a  planetary  orbit,  and  computed  the  ephemeris  of  its  path. 
Ver\'  soon  after  receiving  his  results,  Baron  Von  Zach  rediscovered  Ceres 
on  Deceml>er  31,  and  Dr.  Gibers  on  the  next  day,  just  one  year  after  it  was 
first  found  bv  Piazzi. 

693.  In  March,  1802,  Dr.  Olbers,  who  in  looking  for  Ceres  had 
carefully  examined  the  small  stars  in  the  constellation  of  Vii^go,  on 
going  over  the  ground  again,  found  a  second  planet,  which  he  named 
Pallas,  a  body  of  about  the  same  brightness  as  Ceres.  Tico  having 
now  been  found,  and  Pallas  having  a  very  eccentric  and  much  inclined 
orbit,  he  conceived  the  idea  that  they  were  fragments  of  a  broken 
planet,  and  that  other  planets  of  the  same  group  could  probably  be 
found  by  searching  near  the  intersection  of  their  two  orbits.  Juno, 
the  third,  was  discovered  by  Harding  at  Lilienthal  (Schroter's  obser- 
vatory) in  1804;  and  Vesta,  the  largest  and  brightest  of  the  whole 
group  (sometimes  visible  to  the  naked  eye),  was  found  b}*  Olbers 
himself  in  1807.  The  search  was  kept  up  for  several  years  after 
this,  but  no  more  planets  were  found  because  they  did  not  look  after 
small  enough  stars. 

The  fifth,  Astra^a,  was  discovered  in  1845  by  Hencke,  an  amateur 
astronomer  who  for  fifteen  years  had  been  engaged  in  studying 
the  smaller  stars  in  hopes  of  just  the  reward  he  captured.  In 
1846  no  asteroid  was  found  (the  discover}'  of  Neptune  was  glory 
enough  for  that  year),  but  in  1847  three  more  were  brought  to  light; 
and  since  then  not  a  year  has  passed  without  adding  from  one  to 
twenty  to  the  number.  The  list  now  —  August,  1888  —  counts  np 
279,  and  there  is  no  prospect  of  diminution  in  the  rate  of  discovery, 
though  the  new  ones  are  mostly  very  small,  —  stars  of  the  twelfth 


1i 


METHOD  OF  8EABCH.  841 

and  thirteenth  magnitudes,  which  require  a  large  telescope  to  make 
them  even  visible.  AU  the  brighter  ones  have  evidently  been  already 
picked  up. 

They  have  been  discovered  by  comparatively  a  few  observers.  Four  per- 
sons have  found  more  than  20  each:  Palisa,  of  Vienna,  who  stands  far 
in  advance  of  all  others,  has  alone  discovered  65,  and  Dr.  Peters  of  Clinton, 
N.Y.,  52;  Luther  of  Diisseldorf,  24;  and  the  late  Professor  Watson,  22. 
The  German  astronomers  have  thus  far  discovered  102 ;  the  American,  76 ; 
the  French,  66 ;  the  English,  19 ;  and  the  Italians,  16. 

694.  Method  of  Search. — The  asteroid-hunter  selects  certain 
portioDs  of  the  sky,  usually  near  the  ecliptic,  and  prepares  charts 
covering  two  or  three  square  degrees,  on  which  he  sets  down  all  the 
stars  his  telescope  will  show.  This  is  a  very  laborious  operation, 
which  in  the  future  is  likely  to  be  very  much  facilitated  by  photog- 
raphy. The  chart  once  made,  he  goes  over  the  ground  from  time 
to  time,  comparing  every  object  with  the  map  and  looking  out  for 
interlopers.  If  he  finds  a  star  which  is  not  on  his  chart,  the  proth 
ability  is  that  it  is  a  planet,  though  it  may  be  a  variable  star  which 
was  invisible  when  the  chart  was  made.  He  very  soon  settles  the 
question,  however,  by  measuring  with  the  micrometer  the  distance  of 
the  new  star  from  some  of  its  neighbors,  keeping  up  the  process  for 
an  hour  or  two.  If  it  is  a  planet,  it  will  move  perceptibly  in  that 
length  of  time. 

Of  course,  great  care  must  be  taken  to  be  sure  that  it  is  a  new  planet,  and 
not  one  of  the  multitude  already  known.  Generally  it  is  possible  to  decide 
very  quickly  which  of  the  known  planets  will  be  in  the  neighborhood,  and 
a  rough  computation  will  commonly  decide  at  once  whether  the  planet  is 
new  or  not.  Not  always,  however,  and  mbtakes  in  this  regard  are  not  very 
unusual. 

These  minor  planets  are  all  named^  the  names  being  derived  fW>m 
mythology  and  legend.  They  are  also  designated  by  numbers,  and 
the  symbol  for  each  planet  is  the  number  written  in  a  circle.  Thus, 
for  Ceres  the  symbol  is  0 ;  for  Hilda,  (im)  ;  and  so  on. 

A  full  list  of  them,  with  the  elements  of  their  orbits,  is  pubUshed  yearly 
in  the  '^  Annuaire  du  Bureau  des  Longitudes,"  Paris. 

595.  Their  Orbits.  —  The  mean  distance  of  the  different  asteroids 
from  the  sun  varies  greatly,  and  of  course  the  periods  are  corre- 
spondingly different.  Medusa,  (i^),  has  the  smallest  mean  dis- 
tance (2.13,  or  198,000000  miles),  and  the  shortest  period,  3^  40*. 
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Hilda,  ® ,  is  the  remotest,  with  a  mean  distance  of  3.95  or  866,- 
000000  miles,  and  a  period  of  7^  312^.  According  to  Svedstrup, 
the  mean  distance  of  the  '^mean  asteroid"  is  2.65  (252,000000 
miles)  y  and  its  period  about  4^  ^^ears.  Its  distance  from  the  earth  at 
time  of  opposition  would  be,  of  course,  1.65,  or  153,000000  miles. 

The  inclinations  of  their  orbits  average  about  6° ;  but  Pallas,  (3), 
has  an  inclination  of  35*^,  and  Euphrosyne,  (§1),  of  26}^^. 

Several  of  the  orbits  are  extremely  eccentric,  ^thra,  (!»),  has 
an  almost  cometary  eccentricity  of  0.38,  and  nine  or  ten  others 
have  eccentricities  exceeding  0.30.  They  are  distributed  quite  un- 
equally in  the  range  of  distance,  there  being,  as  Kirkwood  has 
pointed  out,  very  few  at  such  distances  that  their  periods  would  be 
exactly  commensurable  with  that  of  Jupiter. 

096.  Diameter  and  Surface.  — Very  little  is  known  as  to  the  real 
size  of  these  bodies.  The  four  first  discovered,  and  a  few  of  the 
newer  ones,  show  a  minute  but  sensible  disc  in  very  powerful  tele- 
scopes. Vesta,  which  is  the  brightest  of  the  whole  group,  and  is  Just 
visible  to  the  naked  eye  when  near  opix>sition,  may  be  from  two  hun- 
dred to  four  hundred  miles  in  diameter.  Pickering,  by  photometric 
measurements  (assuming  the  reflecting  power  of  the  planet's  surface 
to  be  the  same  as  that  of  Mars),  finds  a  diameter  of  319  miles. 
The  other  three  of  the  original  four  are  perhaps  two-Uiirds  as  large. 
As  for  the  rest,  it  is  hardly  possible  that  any  one  of  them  can  be 
as  much  as  100  miles  in  diameter,  and  the  smallest,  such  as  are  now 
being  discovered  in  such  numbers,  ai*e  probably  less  than  ten  miles 
through,  —  nothing  more  than  '*  mountains  broke  loose."  The  sur- 
face area  of  one  of  the  smaller  ones  would  hardly  make  a  large 
Western  farm. 

697.  Mass,  Density,  etc.  — As  to  the  individual  masses  and  densi- 
ties we  have  no  certain  knowledge.  It  is  probable  that  the  density 
does  not  differ  much  from  the  density  of  the  crust  of  the  earth,  or  the 
mean  density  of  Mars.  If  this  is  so,  the  mass  of  Vesta  might  pos- 
sibly be  as  great  as  yshnF  ^^  20U0  ^^  ^®  earth.  On  such  a  planet 
the  force  of  superficial  gravity  would  be  about  ^  to  ^  of  gravity  on 
the  earth,  and  a  body  projected  from  the  surface  with  a  velocity  of 
about  2000  feet  a  second  —  that  of  an  ordinary  rifle-ball  —  would 
fly  off  into  space  and  never  return  to  the  planet,  but  wonld  cir- 
culate around  the  sun  as  a  planet  on  its  own  account.  On  the 
smallest  asteroids,  with  a  diameter  of  about  ten  miles,  it  woald  be 
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quite  possible  to  throw  a  stone  from  the  hand  with  velocity  enough  to 
send  it  off  into  space. 

598.  Aggregate  Mats.  —  Although  we  can  only  estimate  very 
roughly  the  masses  of  the  individual  members  of  the  flock,  it  is  pos- 
sible to  get  some  more  certain  knowledge  of  their  aggregate  mass. 
I^verrier  found  a  motion  in  the  line  of  apsides  of  the  orbit  of  Mars 
which  indicates  that  the  whole  amount  of  matter  thus  distributed  in 
the  space  between  Mars  and  Jupiter  is  equal  to  about  one-fourth  of 
the  mass  of  the  earth.  This  quantity  of  matter  collected  into  a  body 
of  the  same  density  as  Mars  would  make  a  planet  of  about  5000  miles 
in  diameter. 

The  united  masses  of  those  which  are  already  known  would  make  only  a 
very  small  fraction  of  such  a  body.  Up  to  August,  1880,  the  united  bulk  of 
the  asteroids  then  discovered  was  estimated  at  j^  part  of  the  earth's  bulk, 
with  a  mass  probably  about  ^jj  of  the  earth's.  Presumably,  therefore,  the 
number  of  these  bodies  remaining  undiscovered  is  exceedingly  great  —  to  be 
counted  by  thousands,  if  not  by  millions.  Most  of  them,  of  course,  must  be 
nmch  smaller  than  those  which  are  already  known. 

599.  Forms,  Variations  of  Brightness,  and  Atmosphere. — We 

have  no  definite  knowledge  on  this  point,  but  Dr.  Gibers  observed 
in  the  case  of  Vesta  certain  fluctuations  in  her  brightness  which 
seemed  to  him  to  indicate  that  she  is  not  a  globe,  but  an  angular 
mass,  —  a  splinter  of  rock.  This,  however,  is  not  confirmed  by  the 
more  recent  photometric  observations  of  Miiller  or  Pickering. 

Miiller  examined  seven  of  the  asteroids,  and  found  their  changes  of  bright- 
ness very  regular.  Four  of  them,  one  of  which  is  Vesta,  behaved  precisely 
like  Mars,  as  if  their  surfaces  were  comparatively  smooth,  while  three  others, 
Ceres  and  Pallas  among  them,  behaved  like  the  moon  and  the  planet  Mer- 
cury, as  if  having  a  rough  surface  with  very  little  atmosphere,  and  nearly 
cloudless.  Some  of  the  earlier  observers  reported  evidences  of  an  exten- 
sive halo  around  them.  I^ter  observations  do  not  confirm  it,  and  it  is 
not  likely  that  they  carry  much  air  with  them. 

600.  Orig^.  — With  respect  to  this  we  can  only  speculate.  Two 
views  have  been  held,  as  has  been  already  intimated.  One  is,  that  the 
material,  which  according  to  the  nebular  hypothesis  ought  to  have 
been  concentrated  to  form  a  single  planet  of  the  class  to  which  the 
earth  l)elongs,  has  failed  to  be  so  collected,  and  has  formed  a  flock 
of  small  separate  masses.     It  is  now  ver}*  generally  believed  that  the 
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matter  which  at  present  forms  the  planets  was  once  distributed  in 
ringsy  like  the  rings  of  Saturn.  If  so,  this  ring  next  outside  of  liars 
would  necessarily  suffer  violent  perturbations  from  the  nearness  of 
the  enormous  planet  Jupiter,  and  so  would  be  under  very  different 
conditions  from  any  of  the  other  rings.  This,  as  Peirce  has  shown, 
might  account  for  its  breaking  up  into  many  fragments. 

The  other  view  is  that  a  planet  alK>ut  the  size  of  Mars  has  broken 
to  pieces.  It  is  true,  as  has  been  often  urged,  that  this  theory  in  its 
original  form,  as  presented  by  Olbers,  cannot  be  corredt.  No  8ing^e 
explosion  of  a  planet  could  give  rise  to  the  present  assemblage  of 
orbits,  nor  is  it  possible  that  even  the  perturbations  of  Jupiter  could 
have  converted  a  set  of  orbits  originally  all  crossing  at  one  point 
(the  point  of  explosion)  into  the  present  tangle.  The  smaller  orbits 
are  so  small  that  however  turne<1  about  they  lie  wholly  inside  the 
larger,  and  cannot  be  made  to  intersect  them.  If,  however,  we 
admit  a  series  of  explosions,  this  difficulty  is  removed;  and  if  we 
grant  an  explosion  at  all,  there  seems  to  be  nothing  improbable  in 
the  hypothesis  that  the  fragments  formed  by  the  bursting  of  the 
parent  mass  would  carry  away  within  themselves  the  same  forces  and 
reactions  which  caused  the  original  bursting ;  so  that  they  themselves 
would  be  likely  enough  to  explode  at  some  time  in  their  later 
history. 

At  present  opinion  is  divided  between  these  two  theories. 

601.  The  number  of  these  bodies  already  known  is  so  great,  and  the 
prospect  for  the  future  is  so  indefinite,  that  astronomers  are  at  their  wits' 
end  how  to  take  care  of  this  numerous  family.  To  compute  the  orbit  and 
ephemeris  of  one  of  these  little  rocks  is  more  laborious  (on  acoount  of  the 
great  perturbations  produced  by  Jupiter)  than  to  do  the  same  for  one  of  the 
major  planets ;  and  to  keep  track  of  such  a  minute  body  by  observation  is 
far  more  difficult.  Until  recently,  the  German  Jahrbuch  has  been  publish- 
ing the  ephemerides  of  such  as  came  within  the  range  of  observation  each 
year ;  but  this  cannot  be  kept  up  much  longer,  and  the  probability  is  that 
hereafter  only  the  larger  ones,  or  those  which  present  some  remarkable 
peculiarity  in  their  orbits,  will  be  followed  up.  One  little  family  of  them, 
however,  is  **  endowed."  Professor  Watson,  at  his  death,  left  a  fund  to  the 
American  National  Academy  of  Sciences  to  bear  the  expense  of  taking  oare 
of  the  twenty-two  which  he  discovered. 

IXTRA-MERCURIAL  PLANETS  AND  THE  ZODIACAL  LIGHT. 

It  is  very  probable,  indeed  almost  certain,  that  there  are  maasea  of 
matter  revolving  around  the  sun  within  the  orbit  of  Mercoiy. 
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002.  Motion  of  the  Perihelion  of  Keronry'i  Orbit.  —  Leverrier, 
in  1859,  from  a  discussion  of  all  the  observed  transits  of  Mercur}*, 
found  that  the  perihelion  of  its  orbit  has  a  movement  of  nearly  88" 
a  century.  This  is  more  than  can  be  accounted  for  by  the  action  of 
the  known  planets,  and,  so  far  as  known^  could  be  explained  only  by 
the  attraction  of  a  planet,  or  ring  of  small  planets,  revolving  inside 
this  orbit  nearly  in  its  plane,  with  a  mass  about  half  as  great  as  that 
of  Mercury  itself. 

We  say  ^^  so  far  as  Irnotm,'' because  an  alternative  hypothesis  has  been 
proposed,  viz.,  that  the  law  of  gravitation,  though  strictly  true  for  bodies  at 
rest  is  not  absolutely  so  for  bodies  in  motion ;  that  when  bodies  are  moving 
towards  each  other  the  attraction  is  less  by  a  minute  fraction  than  if  they 
were  at  rest.  The  hypothesis  is  known  as  the  electnhdynamic  theory  of  gravi- 
tation, but  has  at  present  very  little  to  support  it.  If,  however,  it  were  true, 
then  the  peculiar  motion  of  the  apsides  of  Mercury's  orbit  would  be  a 
necessary  consequence. 

Subsequent  investigations  by  a  number  of  mathematicians  have 
fully  confirmed  Leverrier*s  results ;  Mercury's  orbit  is  beyond  ques- 
tion affected  as  it  would  be  if  there  were  an  intra-Mercurial  planet, 
or  a  number  of  them. 

803.    Dr.  Lescarbault*!  Obsenration:  Tolcan.  —  A  certain  country 

physician,  living  some  eighty  miles  from  Parb,  Dr.  Lescarbault,  on  the  pub- 
lication of  Leverrier*s  result,  announced  that  he  had  actually  seen  thb  planet 
crossing  the  sun  nine  months  before,  on  the  26th  of  March  of  that  year, 
1850.  He  was  visited  by  Leverrier,  who  became  satisfied  of  the  genuineness 
of  his  observations,  and  the  doctor  was  duly  congratulated  and  honored  as 
the  discoverer  of  "  Vulcan,"  which  name  was  assigned  to  the  supposed  new 
planet.  An  interesting  accouut  of  the  matter  may  be  found  in  Chambers' 
^Descriptive  Astronomy";  and  in  many  of  the  works  published  from  twenty 
to  twenty-five  years  ago,  as  well  as  in  some  more  recent  ones,  "  Vulcan  "  is 
assigned  a  place  in  the  solar  system,  with  a  distance  of  about  13,000000 
miles  and  a  period  of  19+  days.  Lescarbault  described  it  as  having  an 
apparent  diameter  of  about  7",  which  would  make  it  over  2500  miles  in 
diameter. 

604.  Nevertheless,  it  is  nearly  certain  that  Vulcan  does  not  exist. 
There  are  various  opinions  which  we  need  not  here  discuss  as  to  the  ex- 
planation of  this  pseudo-discovery.  But  the  planet,  if  real,  ought  since 
1859  to  have  been  visible  on  the  sun's  face  at  certain  definite  times  which 
Leverrier  calculated  and  published;  and  it  has  never  been  seen,  though 
very  carefully  looked  for.    Small,  round,  dark  objects  have  from  time  to 
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time  been  indeed  reported  on  the  sun's  disc,  which  in  the  opinion  of  the 
observers  at  the  time  were  not  sun  spots ;  but  most  of  these  obeerrAiioDB 
were  made  by  amateurs  with  comparatively  little  experience,  with  small 
telescopes,  and  with  no  measuring  apparatus  by  which  they  could  certainly 
determine  whether  or  not  the  spot  seen  moved  like  a  planet.  In  most  ci 
these  cases  photographs  or  simultaneous  observations  made  elsewhere  by 
astronomers  of  established  reputation,  and  having  adequate  apparatus,  have 
proved  that  the  problematical  'Mots"  were  reaUy  nothing  but  ordinaiy 
small  sun  spots,  and  the  probability  is  that  the  same  explanation  applies  to 
the  rest. 

605.  Eclipae  Obtervatioiis.  —  A  planet  large  enoagh  to  be  seen 
distinctly  on  the  sun  by  a  2^-iDch  telescope,  such  as  Lescarbaolt 
used,  would  be  a  conspicuous  object  at  the  time  of  a  solar  eclipse, 
and  most  careful  search  has  been  made  for  the  planet  on  such  occa- 
sions ;  but  so  far,  although  stars  of  the  third  and  fourth  magnitades, 
and  even  of  the  fifth,  have  been  clearly  seen  by  the  observers  within 
a  few  degrees  of  the  eclipsed  sun,  no  planet  has  been  found. 

One  apparent  exception  occurred  in  1878.  During  the  eclipee  of  that 
year,  Professor  Watson  observed  two  starlike  objects  (of  the  fourth  magni- 
tude), which  he  thought  at  the  time  could  not  be  identified  with  any  known 
stars  consistently  with  his  observations.  Mr.  Swift,  also,  at  the  same  eclipse, 
reported  the  observations  of  two  bright  points  very  near  the  sun ;  but  these 
from  his  statement  could  not  (both)  have  been  identical  with  Watson's  stars. 
Later  investigations  of  Dr.  Peters  have  shown  that  the  assumption  of  a 
very  small  and  very  likely  error  in  Professor  Watson's  circle-readings 
(which  were  got  in  a  very  ingenious,  but  rather  rough  way,  without  the 
use  of  graduations)  would  enable  his  stars  to  be  identified  with  $  and  { 
Cancri,  and  it  is  almost  certain  that  these  were  the  stars  he  saw.  Mr. 
Swift's  observations  remain  unexplained.  With  this  exception,  the  eclipse 
observations  all  give  negative  results,  and  astronomers  generally  are  now 
disposed  to  consider  the  **  Vulcan  question  '*  as  settled  definitely  and  ad- 
versely. 

606.  At  the  same  time  it  is  extremely  probable  that  there  are  a 
number,  and  perhaps  a  very  great  number,  of  intra-Mercurial  osfe- 
roids.  A  Ixxly  two  hundred  miles  in  diameter  near  the  sun  would 
have  an  angular  diameter  of  only  about  ^",  as  seen  from  the  earth, 
and  would  not  be  easily  visible  on  the  sun's  disc,  except  with  very 
large  telescopes.  It  would  not  be  at  all  likely  to  be  picked  up  acci- 
dentally. Objects  with  a  diameter  of  not  more  than  forty  or  fifty 
miles  would  be  almost  sure  to  escape  observation,  either  at  a  transit 
or  during  a  solar  eclipse. 
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607.  Zodiacal  Light.  —This  is  a  faint,  soft  beam  of  light  that  extends 
both  ways  from  the  sun  along  the  ecliptic.  In  the  evening  it  is  best  seen 
in  February,  March,  and  April,  because  the  portion  of  the  ecliptic  which 
lies  east  of  the  sun's  place  is  then  most  nearly  perpendicular  to  the  western 
horizon.  During  the  autumnal  months  the  zodiacal  light  is  best  seen  in 
the  morning  sky  for  a  similar  reason.  In  our  latitudes  it  can  seldom  be 
traced  more  than  90°  or  100°  from  the  sun ;  but  at  high  elevations  within 
the  tropics  it  is  said  to  extend  entirely  across  the  sky,  forming  a  complete 
ring,  and  there  is  said  to  be  in  it  at  the  point  exactly  opposite  to  the  sun  a 
patch  a  few  degrees  in  diameter  of  slightly  brighter  luminosity,  called  the 
"  Gegenschein  "  or  **  counter-glow." 

The  portions  of  this  object  near  the  sun  are  reasonably  bright,  and  even 
conspicuous  at  the  proper  seasons  of  the  year ;  but  the  more  distant  portions 
in  the  neighborhood  of  the  *^  counter-glow  "  are  so  extremely  faint  that  it  is 
only  possible  to  observe  them  at  a  distance  from  cities  and  large  towns,  in 
places  where  the  air  is  free  from  smoke,  and  where  the  darkness  of  the  sky 
is  not  affected  by  the  general  illumination  due  to  gas  and  electric  lights. 

608.  The  cause  of  the  phenomenon  is  not  certainly  known,  but  at  pres- 
ent the  theory  most  generally  accepted  attributes  it  to  sunlight  reflected  by 
myriads  of  small  meteoric  bodies  which  are  revolving  around  the  sun  nearly  in 
the  plane  of  the  ecliptic,  forming  a  thin,  flat  sheet  like  one  of  Saturn's  rings, 
and  extending  far  beyond  the  orbit  of  the  earth.  It  may  be  that  the  denser 
portion  of  this  meteoric  ring  within  the  orbit  of  Mercury  is  the  cause  of  the 
motion  of  the  perihelion  of  that  planet  which  Leverrier  detected ;  it  is  for 
this  reason  that  we  deal  with  the  subject  here  rather  than  in  connection  with 
meteors.  While  this  theory,  however,  is  at  present  more  generally  accepted 
than  any  other,  it  cannot  be  said  to  be  established.  Some  are  disposed  to 
coiihider  the  zodiacal  light  as  a  mere  extension  of  the  sun's  corona,  whatever 
that  may  be. 

608*.    (Note  to  Art.  588.)    The  Canals  of  Mars.  —  According  to 

Schiaparelli  (»nd  his  observations  are  at  least  partially  confirmed  by  others) 
a  most  characteristic  feature  of  the  planet's  surface  is  a  series  of  long, 
straight,  narrow  "canals"  connecting  the  larger  bodies  of  water.  These 
canals  were  first  seen  and  recognized  in  1877.  In  1881  they  were  seen  again, 
and  at  that  time  nearly  all  of  them  double.  If  there  is  not  some  fallacy  in 
the  observation,  the  problem  as  to  the  nature  of  these  canals,  and  the  cause 
of  their  **  gemination,  "  is  a  very  important  and  perplexing  one.  It  is  hoped 
that  at  the  next  favorable  opposition  in  1892  it  may  find  its  solution. 
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CHAPTER  XV. 

THE  PLANETS    CONTINUED. — THE  MAJOR   PLANETS:    JUPITEB, 

SATURN,   URANUS,   AND  NEPTUNE. 

JUPITER. 

609.  While  this  planet  is  not  so  brilliant  as  Venus  at  her  best, 
it  stands  next  to  her  in  this  respect,  being  on  the  average  about  five 
times  brighter  than  Sirius,  the  brightest  of  the  fixed  stars.  Jupiter, 
moreover,  being  a  '^superior''  planet,  is  not  confined,  like  VenuB, 
to  the  neighborhood  of  the  sun,  but  at  the  time  of  opposition  is  the 
chief  ornament  of  the  midnight  sky. 

610.  Orbit. — The  orbit  presents  no  marked  peculiarities.  The 
mean  distance  of  the  planet  from  the  sun  is  483,000000  miles.  The 
eccentricity  of  the  orbit  being  nearly  ^  (0.04825)  ;  the  greatest  and 
least  distances  vary  by  about  21,000000  miles  each  way,  making 
the  planet's  greatest  and  least  distances  from  the  sun  504,000000 
and  462,000000  miles  respectively.  The  average  distance  of  the 
planet  from  the  earth  at  opposition  is  390,000000,  while  at  conjunc- 
tion it  is  576,000000  miles.  The  minimum  opposition  distance  la 
only  369,000000,  which  is  obtained  when  the  opposition  occurs  about 
October  6,  Jupiter  being  in  perihelion  when  its  heliocentric  longi- 
tude is  al>out  12°.  At  an  aphelion  opposition  (in  April)  the  distance 
is  42,000000  miles  greater;  that  is,  411,000000. 

The  relative  brightness  of  Jupiter  at  an  average  conjunction  and 
at  the  nearest  and  most  remote  oppositions  is  respectively  as  the 
numbers  10,  27,  and  18.  The  average  brightness  at  opposition  is, 
therefore,  more  than  double  that  at  conjunction ;  and  at  an  October 
op[)OBition  the  planet  is  fifty  per  cent  brighter  than  at  an  April  one. 
The  differences  are  considerable,  but  far  less  important  than  in  the 
case  of  Mars,  Venus,  and  Mercury. 

The  inclination  of  the  orbit  to  the  ecliptic  is  small,  —  only  1"  19'. 

611.  Period.  —  The  sidereal  j^riod  is  11.86  years,  and  the  synodic 
is  399  days  (a  number  easily  remembered),  a  little  more  than  a  year 
and  a  month.  The  planet's  orbital  velocity  is  about  eight  miles  % 
second. 
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612.  Dimenflions.  —  The  planeVs  apparent  diameter  varies  from 
50"  at  an  October  opposition  (or  45^"  at  an  April  one)  to  32"  at 
conjunction.  The  form,  however,  of  the  planet's  disc  is  not  truly 
circular,  the  polar  diameter  being  about  ^  part  less  than  the  equa- 
torial, so  that  the  eye  notices  the  oval  form  at  once.  The  equa- 
torial diameter  in  miles  is  88,200,  the  polar  being  83,000.  Its  mean^ 
diameter,  therefore,  is  86,500,  —  almost  eleven  times  that  of  the 
earth. 

This  makes  its  surface  119  times,  and  its  volume  1300  times,  that 
of  the  earth.  It  is  by  far  the  largest  of  the  planets  in  the  system ; 
in  fact,  whether  we  regard  its  bulk  or  its  mass,  larger  than  all  the  rest 
put  together. 

613.  Mass,  Density,  etc.  —  Its  mass  is  very  accurately  known, 
both  by  the  motions  of  its  satellites,  and  the  perturbations  of  the 
asteroids.  It  is  y^^  of  the  sun's  mass,  or  very  nearly  316  times 
that  of  the  earth.  Comparing  this  with  its  volume,  we  fiud  its  density 
0.24,  less  than  \  the  density  of  the  eaith,  and  almost  precisely  the 
same  as  that  of  the  sun.  Its  mean  superficial  gravity  comes  out  2.64 
times  that  of  the  earth ;  that  is,  a  body  on  Jupiter  would  weigh  2f 
times  as  much  as  upon  the  surface  of  the  earth ;  but  on  account  of 
the  rapid  rotation  of  the  planet  and  its  ellipticity  there  is  a  very  con- 
siderable difference  between  the  force  of  gravity  at  the  equator  and 
at  the  pole,  amounting  to  \  of  the  equatorial  gravity.  (On  the  earth 
the  difference  is  only  yj^.) 

614.  Phases  and  Albedo.  —  Its  orbit  is  so  much  larger  than  that 
of  the  cartii  that  the  planet  shows  no  sensible  phases,  even  at  quadra- 
ture, though  at  that  time  the  edge  farthest  from  the  sun  shows  a 
slic'ht  darkening. 

The  reflecting  power,  or  Albedo^  of  the  planet's  surface  is  very 
high, — 0.62  according  to  Zollner,  that  of  white  paper  being  only 
0.78.  The  centre  of  the  disc  of  this  planet  (and  the  same  is  also 
true  of  Saturn)  is  considerably  brighter  than  the  limb — just  the 
reverse,  as  will  be  remembered,  from  the  condition  of  things  upon 
the  moon,  and  upon  Mars,  V'eaus,  and  Mercury.  This  peculiarity 
of  a  darkened  limb,  in  which  Jupiter  resembles  the  sun,  has  sug- 


'  The  mean  diameter  of  an  oblate  spheroid  is  — ^,  not^-^^ —     Of  the   three 

axes  of  symmetry  which  cross  at  right  angles  at  the  planet's  centre,  otie  is  the 
axis  of  rotation,  and  both  the  others  are  equatorial. 


^'sCc*:   rw  ue:i  uiac  .c  is  :o  some  exteac  self4uminous.     This,  how- 

>  i*  c  *  :if«'t:^<iarv  .•«jutki«|ueactf,  a:*  a  nearly  tmusparent  atoios- 

.'.:-..-:    .'-.■'■•as;   s    iuiioruiLy   redeccing  surface  would  produce  the 

V'k  Li'ic  ■▼•liv.-i  -iie  uiaaet  emits,  if  it  emits  any,  must  be  very 
x-^  'It  k>  j»»an;a:**-'«i  w^tii  iuuiighc,  siuce  the  satellites,  when  they  are 
.v.-.i.'>t»:  >*  jucLT-ui:  tiio  shadow,  become  totally  invisible. 

ily.     Iszal  Sacadoa. — The  planet  rotates  on  its  axis  in  about 

•  L'lc   :::uc  ouu  be  given  only  approximately,  not  because 

V  >  iii?1i.Uit  :o  :iud  and  observe  distinct  markings  on  the  planet's 
.ii5<*.  M:  >A:iii'iy  because  different  results  are  obtained  from  differ- 
..i:  >.>.;s,  :icv.vr\iiug  to  their  nature  and  their  distance  from  the 
•'i:*jvis  L\;u;iior.  Si>eakiug  generally,  spots  near  the  equator  iudi- 
.s.c  .%  ^;)oiicr  day  than  those  in  higher  latitudes,  and  certain  small, 
>,i;i:'  .y  viciiucd,  bright,  white  spots,  such  as  are  often  seen,  give  a 
^.i.civcr  rv.^Uition  than  the  dark  markings  in  the  same  latitude. 

r or  i:isiaiice.  a  white  spot  obsened  near  the  equator  in  1886  for  several 
-.»..■>.<  ^ives  \)^  50">  4',  while  another  one  near  latitude  60^  gave  9^ 
.V  •  '-^.  rho  great  red  sjx>t  has  given  values  ranging  from  9^  55* 
.U*  .-  .1  l>7tO  to  9**  55™  40».7  (in  1S86). — the  time  of  rotation  as 
,:.  .<  ,::i"r.od  in  each  case,  being  certainly  accurate  within  half  a  second. 

V  .    ^.  axressive  increase  has  been  regular  and  unmistakable,  and  is  not 

o  ;K.y  possible  uncertainty  in  the  observations. 

g;6  The  A^i«  of  Rotation  and  the  Seasons.  —The  plane  of  the 
,x  -s^  r  ^s  ino'.ined  only  3"*  to  that  of  the  orbit,  so  that  as  far  as  the 

V  .;     >   vvr.oornod   there   can  be  no  seasons.     The  heat  and   light 

•  Ns  t,.-,  f;vr.i    the   sun  by  Jupiter  are,  however,  only  about  ^y  as 

.    V.     :>    ::.o   solar  radiation  at  the  earth,  its  distance  being  5.2 

^.  '       7f i«kvpio  Appearance.  —  Even  in  a  small  telescope  the 

.     s^.::  f;.]  object.     When  near  opposition  a  magnifying 

.   ,,   '.  :'iKCs  its  apparent  size  equal  to  that  of  the  full 

.^  ,       v.v    v'.;:i.KCil  in  eouncction  with  Venus,   no  novice 

■  »       .  .^;v^vion^ ,  and  witli  a  telescope  of  8  or  10  inches 

s   -/Aiv.ifyinjr  power  of  300  or  400,  the  disc  is 

.,'  >;,viotv  of  lH?autiful  and  interesting  details 

,     jVo  observer's  eye  in  consequence  of  the 

r';o  picture  is  rich  in  color,  also,  browns  and 

xNMUr.'^st   with   olive-greens   and   occasional 
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purples ;  but  to  briog  ont  the  colors  well  and  clearly  requires  large 
instruments.  For  the  roost  part  the  markings  are  arranged  in  streaks 
more  or  less  parallel  to  the  planet's  equator,  as  shown  by  Fig.  176. 
With  a  small  telescope  the  markings  usually  reduce  to  two  dark  aod 
comparatively  well-deBoed  belte,  one  on  each  side  of  the  equator, 
occupying  about  the  same  regions  of  latitude  that  the  trade-wind 
zones  do  upon  the  earth ;  and  very  likely  in  Jupiter's  case  similar 
aerial  currents  have  something  to  do  with  the  appearance,  though 
upon  Jupiter,  as  has  been  already  said,  the  solar  heat  is  a  compara- 


Fio.  ITS.  — T«lF«oplD  Vtcwa  of  Jupllar. 

lively  iiuini)M)rtaiit  factor.  The  markings  U|)0D  the  planetare  almost, 
if  not  entirely,  almoxpheric,  as  Is  proved  by  the  manner  in  which 
tliuy  change  their  shapes  and  relative  positions.  They  are  cloud 
forma.  It  is  hardly  probable  that  we  ever  see  anything  upon  the 
solid  surface  of  the  planet  underneath,  nor  is  it  even  certain  that 
the  pl.itict  has  anything  solid  about  it.  In  Fig.  178,  the  upper 
left-hand  figure  is  from  a  drawing  by  Trouvelot  made  in  February, 
1X72;  the  second  is  by  Vogel  in  1880.  The  small  one  below  repre- 
sents the  planet  as  seen  in  a  small  telescope. 

618.     The  Great  B«d  Bp«t— While  most  of  the  markings  on  the 
phinet  arc  evanescent,  it  Is  not  so  with  all.     There  are  some  which 
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are  at  least  **  Bub-pennaneut,"  and  continue  for  years,  not  without 
change  indeed,  but  with  only  slight  changes.  The  ^'  great  red  spot " 
is  the  most  remarkable  instance  so  far.  It  seems  to  have  been  first 
observed  by  Prof.  C.  W.  Pritchett  of  Glasgow,  Missouri,  in  July, 
1878,  as  a  pale,  pinkish,  oval  spot  some  13''  in  length  by  3"  in 
width  (30,000  miles  by  7000).  Within  a  few  months  it  had  been 
noticed  by  a  considerable  number  of  other  observers,  though  at  first 
it  did  not  attract  any  special  attention,  since  no  one  thought  of  it  as 
likely  to  be  permanent.  The  next  year,  however,  it  was  by  far  tlie 
most  conspicuous  object  on  the  planet.  It  was  of  a  clear,  strong 
brick-red  color,  with  a  length  fully  one-third  the  diameter  of  the 
planet  and  a  width  about  one  fourth  of  its  length. 

For  two  or  three  years  it  remained  without  much  change :  in  1882-83 
it  gradually  faded  out :  in  1885  it  had  become  a  pinkish  oval  ring,  the 
central  part  being  apparently  occupied  with  a  white  cloud.  In  1886  it  was 
again  a  little  stronger  in  color,  and  the  same  in  1887,  —  an  object  not  diffi- 
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Fifl.  179.  —  JiipIUT'*  ••  Ited  Spot.'     Knuu  Dnwln^t  by  Mr.  I>eDnluK.    1880-85. 

cult  to  8(K5  with  a  large  telescope,  but  the  merest  ghost  of  what  it  was  in 
18«0.  The  i»n'sent  year  (1888)  its  api)earance  is  about  the  same  as  in  1887, 
—  fierhapH  a  little  paler.  During  the  ten  years  its  form  and  size  have  varied 
very  little.   It  lies  at  the  southern  edge  of  the  southern  equatorial  belt,  in  kti- 
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tude  about  35°,  and  for  some  reason  the  belt  seems  to  be  "  notched  out "  for 
it,  so  that  there  has  been  always  a  narrow  white  streak  separating  the  belt 
from  the  spot.  Even  when  the  spot  was  palest  and  hard  to  see  its  place  was 
always  evident  at  once  from  the  indentation  in  the  outline  of  the  belt. 

Such  phenomena  suggest  abundant  matter  for  speculation  which  would 
be  out  of  place  here.  It  must  suffice  to  say  that  no  satisfactory  explanation 
of  the  phenomena  has  yet  been  presented.  The  unquestionable  fact  before 
mentioned  (Art.  615),  that  the  time  of  rotation  of  the  spot  has  changed  by 
more  than  5*  in  the  ten  years,  greatly  complicates  the  subject.  Fig.  179, 
from  the  drawings  of  Mr.  Denning,  represents  the  appearance  of  the  spot  at 
four  different  dates;  viz.,  1,  1880,  Nov.  19;  2,  1882,  Oct.  30;  3,  1884,  Feb. 
6 ;  4,  1885,  Feb.  25. 

619.  Temperature  and  Phyiioal  Conftitution.  —  The  rapidity  of 
the  changes  upon  the  visible  surface  implies  the  expenditure  of  a  con- 
siderable amount  of  heat,  and  since  the  heat  received  from  the  sun  is 
too  small  to  account  for  the  phenomena  which  we  see,  ZoUner,  thirty 
years  ago,  suggested  that  it  must  come  from  within  the  planet,  and 
that  in  all  probability  Jupiter  is  at  a  temperature  not  much  short  of 
incandescence,  —  hardly  yet  solidified  to  any  considerable  extent. 
Mr.  Proctor  has  given  special  currency  to  these  views  among  English 
readers.  The  idea  that  Jupiter  might  be  such  a  ^^  semi-sun  "  is  not 
at  all  new.  Buffon,  Kant,  Nasmyth,  and  Bond  all  entertained  and 
discussed  it ;  but  it  is  only  since  the  investigations  of  Zollner  that  it 
has  become  an  accepted  item  of  scientific  belief.  (See  Gierke's 
*'  History  of  Astronomy,"  p.  335  seqq.) 

620.  Atmosphere.  —  As  to  the  composition  of  the  planet's  atmos- 
phere, the  spectroscope  gives  us  rather  surprisingly  little  information. 
Wc  get  from  the  planet  a  good  solar  spectrum  with  the  solar  lines 
well  marked,  but  there  are  no  well-defined  absorption  bands  due  to 
the  action  of  the  planet's  atmosphere.  There  are,  however,  some 
shadimjs  in  the  lower  red  portion  of  the  spectrum  that  are  probably 
thus  caused.  The  light,  for  the  most  part,  seems  to  come  from  the 
upper  surface  of  the  planet's  envelope  of  clouds  without  having 
penetrated  to  any  depth. 

621.  Satellite  System. — Jupiter  has  four  satellites,  —  the  first 
heavenlv  bodies  ever  discovered  —  the  first  revelation  of  Galileo's 
telescope.  His  earliest  observation  of  them  was  on  Jan.  7,  1610, 
and  in  a  very  few  weeks  he  had  ascertained  their  true  character,  and 
determined  their  periods  with  an  accuracy  which  is  surprising  when 
we  consider  his  means  of  observation.     The  number  of  the  heavenly 
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lvxii«»  waa  aow  no  Longer  .«>r;f?n.  nnd  cfae  discovery  excited 
r^hiii'cbmea   and    aciiooLmon  a  great  deal   of  angry  incredalitj 
vituperation.     Galileo  called  niiem  •'  the  Meiicean  stars." 

Thev  are  now  osuallv  known  ojs?  the  dr»t.  sect^nd.  etc.,  in  the  order  oi 
difltanoe  from  the  primary,  but  they  aLio  have  names  which  are  some^ 
times  used:  viz..  lo.  Europa.  t.raiijmede.  and  Calypso.  Their  rela* 
tive  distances  range  between  :*»)i.«)«)0  and  l.l«59j»)  miles,  being  Terr 
approximately  6.  l>.  l).  and  24  radii  of  the  planet.  The  distance  of 
the  first  from  the  durfa«?e  of  the  planet  is  almost  exactly  the  same  as 
that  of  our  own  mt»n  from  the  surface  of  the  earth.  Their  sidereml 
periorU  range  between  1*  ISV'  and  1»)'*  16V^  (accurate  values  in 
distances  and  periods  are  given  in  the  table  in  the  Appendix).  The 
orbits  are  almost  exactly  circular,  and  lie  in  the  plane  of  the  planet's 
equator. 

The  satellites  <?ii;;htly  disturb  each  other*.-}  motions,  and  from  these 
disturbances  their  mas^$  can  Ih^  a^^certained  in  terms  of  the  planet's  mass. 
The  third,  which  is  much  the  largest,  has  a  mass  of  about  Yitw  ^^  ^® 
planet's,  a  little  more  than  double  the  mass  of  our  own  moon.  The  mass 
of  the  first  satellite  ap^^ears  to  l<e  a  little  less  thau  \  as  much.  The  second 
is  somewhat  lar^r  than  the  first,  and  the  fourth  L*  about  half  as  large  as  the 
third;  i.<.,  it  has  about  the  mass  of  our  own  moon.  The  densities  of  the 
first  and  fourth  appear  to  be  not  very  different  from  that  of  the  planet  itself, 
while  the  densities  of  the  »econ«l  and  third  are  considerably  greater. 

622.    Relation   between  Mean  Kotions  and  Longitiides  of  fhe 

Satellites.  —  In  consequence  of  their  mutual  interaction  a  curious  relation 
(discovered  by  La  Place)  exists  between  the  mean  motions  of  the  first  three 
satel liter*.  The  mean  motion  is  of  course  3*X)-  divided  by  7*  (  7*  being  the 
satellite's  period).  It  appears  that  the  mean  motion  of  the  first  plus  twice 
the  mean  motion  of  the  third  equals  three  times  that  of  the  second,  or 

J    A.  J-   -  A 

A  similar  relation  holds  for  their  longitudes: 

A, +  2/:3  =  3/.,+  l'^; 

so  that  thoy  cannot  all  three  come  into  opposition  or  conjunction  with  the 
sun  at  once.  These  relations  are  permanently  maintained  by  their  mntual 
attr:u!tions:  rrartltf  in  the  long  run,  though  there  are  slight  perturbations 
produced  by  the  fourth  satellite  which  disturb  the  arrangement  slightly  for 
Hliort  periods.  The  fourth  satellite  does  not  come  into  any  snch  arrange- 
mont. 
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623.  Diameters,  etc.  —  The  diameter  of  the  first  satellite  is  a  little 
more  than  2400  miles;  the  second  is  almost  exactly  the  size  of  our  own 
moon,  i,e.y  between  2100  and  2200  miles ;  and  the  third  and  fourth  have  diam- 
eters, respectively,  of  3600  and  3000  miles,  the  third,  Ganymede,  being  much 
larger  than  either  of  his  sisters.  When  Jupiter  is  in  opposition,  the  fourth 
satellite  is  sometimes  nearly  10|'  away  from  the  planet,  or  \  of  the  moon's 
diameter ;  and  in  very  clear  air  can  be  seen  by  a  sharp  eye  without  telescopic 
aid.  The  third,  though  much  larger,  never  goes  more  than  6'  from  the 
planet,  and  it  is  perhaps  doubtful  whether  it  is  ever  seen  with  the  naked  eye, 
unless  when  the  fourth  happens  to  be  close  beside  it.  A  good  opera^lass 
will  easily  show  them  all  as  minute  points  of  light. 

624.  Brightness.  -^—  Since  the  sunlight  of  Jupiter  is  only  ^  as  in- 
tense as  ours,  the  moonlight  made  by  the  satellites  is  decidedly  inferior  to 
our  own,  although  their  reflective  power  appears  to  be  higher  than  that  of 
the  lunar  surface.  They  differ  among  themselves  considerably  in  this 
respect.  The  fourth  satellite  is  of  an  especially  dark  complexion,  so  that 
it  often  looks  perfectly  black  when  it  passes  between  us  and  the  planet,  and 
is  projected  on  the  disc.  The  others,  under  similar  circumstances,  show 
light  or  dark  according  as  they  have  a  dark  or  light  portion  of  the  planet 
for  a  background.  Even  the  fourth,  when  crossing  the  disc,  is  always  seen 
bright  while  very  near  the  planet*s  limb. 

625.  Markings  npon  the  Satellites.  —  The  satellites  show  sensible 
discs  when  viewed  with  a  large  telescope,  and  aU  of  them  but  the  second 
sometimes  show  dark  markings  upon  the  surface.  These  markings,  however, 
are  only  visible  under  the  most  favorable  circumstances,  and  it  has  not  been 
possible  to  determine  whether  they  are  atmospheric  or  really  geographical,  nor 
has  it  yet  been  possible  to  deduce  from  them  the  satellites*  periods  of  rotation. 

626.  Variability.  —  Galileo  noticed  variations  in  the  brightness  of  the 
satellites  at  different  times,  and  subsequent  observers  have  confirmed  his 
result.  In  the  case  of  the  fourth  satellite  there  seems  to  be  a  regular 
variation  depending  upon  the  place  of  the  satellite  in  its  orbit,  and  suggest- 
ing that  in  its  axial  rotation  it  behaves  like  our  own  moon,  keeping  always 
the  same  side  next  its  primary.  In  addition  it  shows  other  irregular  changes 
in  its  luminosity:  so  also  do  the  other  satellites  according  to  nearly  all 
authorities,  though  it  is  singular  that  one  or  two  of  the  best  observers  do  not 
find  any  such  irregularity  indicated  by  their  instrumental^  photometric 
observations. 

627.  Eclipses  and  Transits.  — The  Batellites'  orbits  are  so  nearly 
in  the  plane  of  the  planefs  orbit  that,  excepting  the  fourth,  they  all 
pass  through  the  shadow  of  the  planet,  and  suffer  eclipse  at  every 


i  Gierke's  "  History  of  Astronomy,"  p.  389. 
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revolution.  At  conjunction,  also,  they  cast  their  shadows  upon  the 
planet,  and  these  shadows  can  easily  be  seen  in  the  telescope  as 
black  dots  on  the  planet's  disc,  the  satellites  themselves,  which  cross 
the  disc  about  the  same  time,  being  much  more  difficult  to  observe. 
The  fourth  satellite  escapes  eclipse  when  Jupiter  is  far  from  the  node 
of  its  orbit.  Thus,  during  1888  and  in  the  first  half  of  1889,  there 
are  no  eclipses  of  Calypso  at  all. 

Exactly   at  opposition   or  conjunction   the   planet's  shadow  lies 
straight  behind  it  out  of  our  sight,  so  that  we  cannot  at  that  time 


Kio.  1H«).  —  KcliiMeii  of  Jupiter's  Satellite*,  at  Weatern  EloDgaUoa. 


observe  the  cclipHCH  of  tlic  Hiitellites,  but  only  their  transits  across 
the  disc.  Hefore  aiul  after  these  times,  however,  the  shadow  lies 
one  Hide  of  the  planet. 

Whrn  the  planet  is  at  (juadrature  and  the  condition  of  things 
is  as  represented  in  Fig.  1«0  (which  is  drawn  to  scale),  the  shadow 
projo(;ts  so  far  to  one  side  of  the  planet  that  tlie  whole  eclipse  of 
all  tlio  satellites,  except  the  first,  takes  place  clear  of  the  planet's 
disc, — both  the  disappearance  and  reappearance  of  the  satellite 
being  visible. 

628.  '*  Equation  of  Light.'*  —  The  most  important  nse  that  has 
been  made  of  these  eclipses  has  been  to  ascertain  the  time  required 
by  light  in  traversing  the  distance  between  us  and  the  sun,  the  so- 
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called  ^'  equation  of  light,"  It  was  in  1675  that  Roemer,  the  Danish 
astronomer  (the  inventor  of  the  transit  instrument,  meridian  circle, 
and  prime  vertical  instrument,  —  a  man  nearly  a  century  in  advance  of 
his  day) ,  found  that  the  eclipses  of  the  satellites  showed  a  peculiar 
variation  in  their  times  of  occurrence,  which  he  explained  as  due  to 
the  time  taken  by  light  to  pass  through  space.  His  bold  and  original 
suggestion  was  rejected  by  most  astronomers  for  more  than  fifty 
years,  —  until  long  after  his  death,  —  when  Bradley's  discovery  of 
aberration  (Art.  225)  proved  the  correctness  of  his  views. 

629.  If  the  planet  and  earth  remained  at  an  invariable  distance 
the  eclipses  of  the  satellites  would  recur  with  unvarying  regularity 
(their  disturbances  being  very  slight),  and  the  mean  interval  could 
be  determined,  and  the  times  tabulated.  But  if  we  thus  predict  the 
times  of  eclipses  for  a  synodic  period  of  the  planet,  then,  begin- 
ning at  the  time  of  opposition, 
it  will  be  found  that  as  the 
planet  recedes  from  the  earth, 
the  eclipses  fall  constantly  more 
and  more  behindhand,  and  by 
precisel}'  the  same  amount  for 
all  four  of  the  satellites.  The 
difference  between  the  tabulated 
and  observed  time  continues  to 
increase  until  the  planet  is  near 
conjunction,  when  the  eclipses 
are  more  than  sixteen  minutes 
late. 

From  the  insufficient  observa- 
tions at  his  command,  Roemer 
made  the  difference  twenty-two 
minutes. 


Fio.  181. 
IleterminatiOD  of  the  EquaUon  of  Light. 


After  the  conjunction,  the  eclipses  quicken  their  pace  and  exactly 
make  up  all  the  loss ;  so  that  when  op|x>sition  is  reached  once  more, 
thev  are  again  on  time. 

It  is  easy  to  see  from  Fig.  181  that  at  opposition  the  planet  is 
nearer  the  earth  than  at  conjunction  by  just  twice  the  radius  of  the 
oartli's  orbit ;  i.e.,  JB  —  JA=2  SA.  The  whole  apparent  retardation 
of  the  eclipses  between  opposition  and  conjunction,  should  therefore 
be  exactly  twice  the  time  required  for  light  to  come  from  the  sun  to 
the  earth.     This  time  is  very  nearly  500  seconds,  or  8"  20*. 
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Early  in  the  centnry  Delambre,  £rom  all  the  satellite  eclipses  of  which  he 
could  then  secure  observations,  found  it  to  be  493*.  A  few  yean  ago  a 
redetermination  by  Glasenapp  of  Pulkowa  made  it  501',  from  fifteen  years' 
observation  of  the  eclipses  of  the  first  satellite.  Probably  this  value  is  much 
nearer  the  truth  than  Delambre's. 

630.  Photometric  Obseryationi  of  the  Eclipses.  —  The  eclipses  are 
gradual  phenomena,  the  obscuration  of  the  satellite  proceeding  con- 
tinuously from  the  time  it  first  strikes  the  shadow  of  the  planet  until 
it  entirely  vanishes.  The  moment  at  which  the  satellite  seems  to 
disappear  depends,  therefore,  on  the  state  of  the  air  and  of  the 
observer's  eye,  and  upon  the  power  of  his  telescope.  The  same  is 
true  of  the  reappearance ;  so  that  the  observations  are  doubtful  to 
the  extent  of  from  half  a  minute  for  the  first  satellite  (which  moves 
quickly),  to  a  full  minute  for  the  fourth.  Professor  Pickering  has 
proposed  to  substitute  for  this  comparatively  indefinite  moment  of 
disappearance  or  reappearance,  the  instant  when  the  satellUe  has  lost 
or  regained  just  half  its  normal  lights  and  he  determines  this  instant 
by  a  series  of  photometric  comparisons  with  one  of  the  neighboring 
uneclipsed  satellites,  or  with  the  planet  itself. 

These  comparisons  are  made  with  a  special  photometer  devised  for  the 
purpose,  and  planned  with  reference  to  rapid  reading :  by  merely  taming  a 
small  button,  the  observer  is  immediately  able  to  make  the  image  of  the 
uneclipsed  satellite  appear  to  be  of  the  same  brightness  as  the  satellite  whidi 
is  disappearing,  and  the  observations  can  be  repeated  very  rapidly  with  the 
help  of  special  contrivances  for  recording  the  times  and  readings.  It  is 
found  that  this  instant  of  '*  half-brightness  "  can  be  deduced  from  the  set  of 
photometric  readings  with  an  error  not  much  exceeding  a  second  or  two. 
Observations  of  this  kind  have  now  been  going  at  Cambridge  (U.  S.)  ^  for 
several  years.  A  similar  plan  has  also  been  devised  by  Comu,  and  is  being 
carried  out  at  the  Paris  Observatory  under  his  direction. 

A  series  of  such  observations  covering  the  planet's  whole  period  of  twelve 
years,  ought  to  give  us  a  much  more  accurate  determination  of  the  ligfat- 
equation  than  we  now  have. 

631.  Until  1849  our  only  knowledge  of  the  velocity  of  light  was 
obtained  by  observations  of  Jupiter's  satellites.     By  assuming  as 

>  ProfeMor  Pickering  hat  more  recently  (August,  1888)  applied  photography 
to  these  observations  with  roost  gratifying  success.  A  series  of  pictures  is  taken, 
each  with  an  exposure  of  10*,  the  time  being  recorded  on  a  chronograph,  and 
they  determine  with  great  precision  the  moment  when  the  tatelUte'i  hrigbtosiS 
had  any  special  value,  say  fifty  per  cent  of  its  maximum. 
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known  the  earth's  distance  from  the  sun,  the  velocity  of  light 
follows  when  we  know  the  time  occupied  by  light  in  coming  from 
the  sun.  At  present,  however,  the  case  is  reversed :  we  can  deter- 
mine the  velocity  of  light  by  two  independent  experimental  methods, 
and  with  a  sui-prising  degree  of  accuracy ;  and  then,  knowing  the 
velocity  and  the  light-equation,  we  can  deduce  the  distance  of  the  sun. 

SATURN. 

632.  The  Orbit  and  Period.  —  Saturn  is  the  remotest  of  the 
ancient  planets,  its  ^nean  distance  from  the  sun  being  9.54  astro- 
nomical units,  or  886,000000  miles.  This  distance  varies  by  nearly 
50,000000  miles  on  account  of  the  eccentncity  of  its  orbit  (0.056), 
which  is  a  little  greater  than  that  of  Jupiter. 

Its  nearest  approach  to  the  earth  at  a  December  opposition  (the 
longitude  of  its  perihelion  being  90^  4*)  is  744  millions  of  miles,  and 
its  greatest  distance  at  a  December  conjunction  is  1028  millions.  It 
is  so  far  from  the  sun  that  these  changes  of  distance  do  not  so 
greatl}'  affect  its  apparent  brightness,  as  in  the  case  of  the  nearer 
planets,  the  whole  range  of  variation  from  this  cause  being  less  than 
two  to  one ;  that  is,  at  the  nearest  of  all  oppositions,  the  planet  is 
not  twice  as  bright  as  at  the  remotest  of  all  conjunctions.  The 
changing  phases  of  the  rings  make  quite  as  great  a  difference  as  the 
variations  of  distance. 

The  orbit  is  inclined  to  the  ecliptic  about  2^°. 

The  sidereal  period  of  the  planet  is  twenty-nine  and  one-half  years^ 
the  sipiodic  period  being  378  days. 

The  planet  itself  is  unique  among  the  heavenly  bodies.  The  great 
belted  globe  carries  with  it  a  retinue  of  eight  satellites,  and  is  sur- 
rounded by  a  system  of  rings  unlike  anything  else  in  the  universe 
so  far  as  known,  the  whole  constituting  the  most  beautiful  and  most 
interesting  of  all  telescopic  objects. 

633.  Diameter,  Volnme,  and  Surface.  — The  apparent  mean  diam- 
eter of  the  planet  varies  from  20"  to  14"  according  to  the  distance. 
We  say  mean  diameter  because  this  planet  is  more  flattened  at  the 
ix)lc  than  any  other,  its  ellipticity  being  nearly  ten  per  cent, 
though  different  observers  vary  somewhat  in  their  results.  The 
equatorial  diameter  of  the  planet  is  about  75,000  miles,  and  its  polar 
a]>out  G8,00(),  the  mean  being  very  nearly  71,000,  or  a  little  more 
than  nine  times  that  of  the  earth.  Its  sttrface  is  therefore  about 
eighty-two  times,  and  its  volume  740  times  that  of  the  earth. 
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634.  Kass,  Deiudty,  and  Oravity.  —  Its  mass  is  only  ninety-five 
times  the  earth's  mass,  from  which  follows  the  remarkable  fact  that 
the  density  of  Saturn  is  only  one-eighth  thaJt  of  the  earthy  or  ordy 
about  Jive-sevenths  that  of  water.  It  is  by  far  the  least  dense  of  all 
the  planets.     The  superficial  gravity  is  1.2. 

635.  Axial  Rotation.  —  It  revolves  upon  its  axis  in  about  10^  U^ 
according  to  a  determination  of  Professor  Hall,  made  in  1876  by 
means  of  a  white  spot  which  suddenly  appeared  upon  its  surface, 
and  continued  visible  for  some  weeks.  Although  the  surface  of  the 
planet  is  beautifully  marked  with  belts  which  often  show  delicate 
rose-colored  tints,  it  is  seldom  that  any  well-defiued  markings  present 
themselves  by  which  the  rotation  can  be  determined. 

The  inclination  of  the  axis  is  about  28". 

636.  Surface,  Albedo,  and  Speotnun.  — As  in  the  case  of  Jupiter, 
the  edges  of  the  disc  arc  not  quite  so  brilliant  as  the  central  por- 
tions, so  that  the  belts  appear  to  fade  out  near  the  limb.  These 
belts  are  less  distinct  and  less  variable  than  those  of  Jupiter;  and 
are  arranged  as  shown  in  Fig.  182,  with  a  very  brilliant  zone  at 
the  equator,  though  the  engraving  much  exaggerates  the  contrast. 
The  planet's  |X)lc  is  marked  by  a  darkish  cap  of  greenish  hue. 

According  to  Zollner,  the  Albedo,  or  reflecting  power  of  the  surface 
is  0.52,  almost  precisely  the  same  as  that  of  Venus,  but  a  little  infe- 
rior to  that  of  Jupiter.  The  spectrum  of  the  planet  is  the  solar  spec- 
trum without  any  evidence  of  the  presence  of  water-vapor,  so  far  as 
can  be  made  out,  but  with  certain  unexplained  dark  bands  in  the  red 
and  orange  similar  to  those  observed  in  the  spectrum  of  Jupiter.  The 
darkest  of  these  bands,  however,  are  not  seen  in  the  si)ectnim  of  the 
ring ;  this  might  have  been  expected,  since  the  ring  probably  has 
but  little  atmosphere. 

637.  The  Eings.  —  The  most  remarkable  peculiarity  of  Saturn  is 
his  ring -system.  The  planet  is  surrounded  by  three,  thin,  flat,  con- 
centric rings  like  circular  discs  of  paper  pierced  through  the  centre. 
Two  of  them  are  briglit,  while  the  third,  the  one  nearest  to  the  planet, 
is  dusky  and  comparatively  difficult  to  see.  They  are  generaUy  re- 
ferred to  by  Struve's  notation  as  A,  B,  and  C,  A  being  the  exte- 
rior one. 

For  nearly  fifty  years  this  appendage  of  Saturn  was  a  complete 
enigma  to  astronomers.     Galileo,  in  IGIO,  saw  with  his  little  tele- 
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scope  that  tbe  i>lnnet  Appeared  to  have  sometbiog  attaclicd  to  it  on 
each  side,  and  he  aDoounced  the  discovery  tbat  "  the  outermost 
planet    ia    triple,"  — ''  ultimam    planetam    tei^eminam    observavi," 


Nut  l<>u>r  iiftiTWiinl:*  the  ringD  vreiv  edgewise  to  tbe  eartb  eo  that  \hey 
Ih'c'iujio  iuvisible  to  bim ;  and  in  bis  perplexity  he  inquired  "  whether 
:?iiltiiti  iitui  devoured  bis  cbildren,  according  to  tbe  legend."     Hny- 
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gheng,  in  1 655,  was  the  first  to  solve  the  problem  and  explain  the  trae 
structure  of  the  rings.  Cassini,'  twenty  years  later,  discovered  that 
the  rings  were  double,  —  composed  of  two  concentric  portions  with  a 
narrow  black  rift  of  division  between  them. 

The  third,  or  dusky  ring,  (7,  is  an  American  discovery,  and  was 
first  brought  to  light  by  W.  C.  Bond  at  Cambridge,  U.  S.,  in  Novem- 
ber, 1850.  About  two  weeks  later,  but  before  the  news  had  been 
published  in  England,  it  was  also  discovered  independently  by 
Dawes. 

For  a  while  there  was  some  question  whether  it  was  not  really  a  new 
formation ;  but  an  examination  of  old  drawings  shows  that  Herschel  and 
several  other  astronomers  had  previously  seen  it  where  it  crosses  the  planeti 
although  without  recognizing  its  character. 

638.     Dimensioni  of  the  Bingi.  —  The  outer  ring,  A,  has  an  exterior 

diameter  of  168,000  miles,  and  is  a  little  more  than  10,000  miles  wide.  The 
division  between  it  and  ring,  Bj  is  about  1600  miles  in  width,  and  apparently 
perfectly  uniform  all  around.  King  B  is  about  16,500  miles  wide,  and  is 
much  brighter  than  A^  especially  at  its  outer  edge.  At  the  inner  edge  it 
becomes  less  brilliant,  and  is  joined  without  any  sharp  line  of  demarcation 
by  ring  C,  which  is  sometimes  known  as  the  *^ gauze*'  or  "crape "ring, 
because  it  is  only  feebly  luminous  and  is  semi-transparent,  allowing  the 
edge  of  the  planet  to  l)e  seen  through  it.  The  innermost  ring  is  nearly,  per- 
haps not  quite,  as  wide  as  the  outer  one,  A .  There  is  thus  left  a  clear  space 
of  from  9000  to  10,000  miles  in  width  l>etween  the  planet's  equator  and  the 
inner  edge  of  the  gauze  ring,  the  whole  ring  system  having  an  external 
diameter  of  168,000  miles,  and  a  width  of  between  36,000  and  37,000. 

The  thickness  of  the  rings  is  very  small  indeed,  probably  not  ex- 
ceeding 100  miles.  If  we  were  to  construct  a  model  of  them  on  the 
scale  of  1000  miles  to  the  inch,  so  that  the  outer  one  would  be  nearly 
seventeen  inches  in  diameter,  the  thickness  of  an  ordinary  sheet  of 
writing  paper  would  be  alx)ut  in  due  proi)ortion.  This  extreme  tliin- 
ncss  is  proved  by  tlic  appearances  presented  when  the  plane  of  the 
ring  is  directed  towards  the  earth,  as  it  is  once  in  every  fifteen  years. 


^  In  consotiucnce  of  a  misunderstanding  of  some  expressions  used  bj  Ball,  an 
English  astronomer  who  observed  Saturn  in  1665-66,  the  discovery  of  the  division 
between  the  rings  was  for  a  time  attributed  to  him,  and  statements  to  that  effect 
will  be  found  in  a  number  of  important  books.  The  original  drawings  belonging 
to  his  paper  in  the  Philosophical  Transactions  have,  however,  recently  been 
found,  and  show  that  he  did  not  sec  the  division  at  all,  nor,  indeed,  even  under* 
stand  that  the  appendage  was  a  ring. 
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At  tbat  time  the  ring  becomea  invisible  except  to  tbe  most  powerful 
l«leBcopea. 

639.  Fhaiei  of  ths  Bingi.  — The  rings  are  parallel  to  the  eqo&tor 
of  the  planet,  which  is  inclined  about  27°  to  its  orbit,  and  about  28° 
to  the  plane  of  tbe  ecliptic,  the  tvo  nodes  of  the  ring  being  in  longi- 
tude 166°  aod  346°,  in  the  constellationa  of  Aquarius  and  Leo.  Now 
in  the  planet's  revolution  around  tbe  sun,  the  plane  of  the  planet's 
equator  and  of  the  rings  always  k«epe  parallel  to  itself  (as  shown 
in  I-'ig.  If^S),  Just  as  does  the  plane  of  the  earth's  equator.  Twice, 
therefore,   in   the   planet's  revolution,  when  tbe  plane  of  the  ring 
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passes  tlirough  the  earth,  we  see  it  edgewise ;  and  twice  at  its  maxi- 
iiiuMi  nidlli,  when  it  is  at  tbe  poiuts  half-wa;  between  the  nodes.  Tbe 
an^rle  of  inclinntion  being  2S°,  tbe  apparent  width  of  the  ring  at  the 
uinximiim  is  just  about  half  its  length.  The  last  disappearance  of 
the  rings  wns  in  February,  1878  ;  the  next  will  be  in  the  autumn  of 
18!>1.  Near  tbe  time  of  disappearance  tbe  ring  appears  simply  as 
a  thin  needle  of  light  projecting  on  each  side  of  the  planet  to  a 
distance  nearly  equal  to  its  diameter.  Upon  this  tbe  satellites  are 
threaded  like  bends  when  tbey  pass  between  us  and  the  planet. 

640.  Irregnlarities  of  SvrfBce  and  8traotnra.  —  Wben  the  rings 
ai*<^  edgewise  we  find  that  there  are  notable  irregularities  upon  tbem. 
They  are  not  truly  plane,  nor  quite  of  even  thickness  throogbout. 

Till'  same  thing  i*  imlirateil  by  certain  peculiarities  sometimei  reported 
ill  thf  form  ol  thenlisdow  cast  by  the  planet  on  the  rings;  but  caution  must 
bt-  iKi'il  in  aucepliug  aud  iulerpretiog  such  obserrstions,  because  illuaiona 
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are  very  apt  to  occur  from  the  least  indistinctness  of  vision  or  feebleness  of 
light.  The  writer  has  usually  found  that  the  better  the  seeing,  the  fewer 
abnormal  appearances  were  noted,  and  the  experience  of  the  Washington 
observers  is  the  same. 

It  can  hardly  be  doubted  that  the  details  of  the  rings  are  continu- 
ally changing  to  some  extent.  Thus  the  outer  ring,  Aj  is  occasion- 
ally divided  into  two  by  a  very  narrow  black  line  known  as  "^Encke's 
division,"  although  more  usually  there  is  merely  a  darkish  streak 
upon  it,  not  amounting  to  a  real  ^'  crack"  in  the  surface. 

641.  Stmetnre  of  the  Sings.  —  It  is  now  universally  admitted 
that  the  rings  are  not  continuous  sheets  of  cither  solid  or  liquid 
matter,  but  are  composed  of  a  swarm  of  separate  particles,  each  a 
little  independent  moon  pursuing  its  own  path  around  the  planet. 
The  idea  was  suggested  long  ago,  by  J.  Cassini  in  1715,  and  by 
Wright  in  1750,  but  was  lost  sight  of  until  Bond  revived  it  in  con- 
nection with  his  discovery  of  the  dusky  ring.  Professor  Benjamin 
Peirce  soon  afterwards  demonstrated  that  the  rings  could  not  be  con- 
tinuous solids;  and  Clerk  Maxwell  finally  showed  that  they  can  be 
neither  solid  or  liquid  sheets,  but  that  all  the  known  conditions  would 
be  answered  by  supposing  them  to  consist  of  a  flock  of  separate  and 
independent  bodies,  moving  in  orbits  nearly  circular  and  in  one 
plane,  —  in  fact,  a  swarm  of  meteors. 

642.  Stability  of  the  Bing.  —  If  the  ring  were  solid  it  would  cer- 
tainly not  be  stable,  and  the  least  disturbance  would  bring  it  down  upon 
the  planet;  nor  is  it  certain  that  even  the  swarm-like  structare  makes  it 
iorever  secure.  It  is  impossible  to  say  positively  that  the  rings  may  not 
after  a  time  be  broken  up.  A  few  years  ago  there  was  much  interest  in  a 
speculation  which  Struve  published  in  1851.  All  the  measures  which  he 
could  obtain  up  to  that  date  appeared  to  show  that  a  change  was  actually 
in  progress,  and  that  the  inner  edge  of  the  ring  was  extending  itself  towards 
the  planet.  1 1  is  latest  series  of  measurements  (in  1885)  does  not,  however, 
confirm  this  theory.  They  show  no  considerable  change  since  1850,  and  the 
measurements  of  other  observers  agree  with  his  in  this  respect. 

The  researches  of  Professor  Kirkwood  of  Indiana  make  it  probable  that 
the  divisions  in  the  ring  are  due  to  the  perturbations  produced  by  the  satel- 
lites. They  occur  at  distances  from  the  planet  where  the  period  of  a  small 
body  would  be  precisely  commensurable  with  the  periods  of  a  number  of 
the  satellites.  It  will  be  remembered  that  similar  gaps  are  found  in  the 
distribution  of  the  asteroids,  at  points  where  the  period  of  an  asteroid  would 
he  commensurable  with  that  of  Jupiter. 


^ 
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843.  Satellites.  —  Saturn  haa  eight  ^  of  these  attendants.  The 
largest  of  them  was  discovered  by  Hayghens  in  1655.  It  appears  as 
a  star  of  the  ninth  magnitude,  and  is  easily  observable  with  a  three- 
inch  telescope.  Four  others  were  discovered  by  Cassini  before 
1700,  two  by  Sir  William  Herschel  near  the  end  of  the  last  century, 
and  one,  Hyperion,  the  latest  addition  to  the  planet's  family,  by 
Bond  of  Cambridge,  in  September,  1846,  and  independently  by  Las- 
sell  at  Liverpool  two  days  later. 

The  range  of  the  system  is  enormous.  lapetus  has  a  distance  of 
2,225000  miles,  with  a  period  of  79  days,  nearly  as  long  as  that  of 
Mercury.  There  is  a  remarkable  variation  in  the  brightness  of  this 
satellite.  On  the  western  side  of  the  planet  it  is  fully  twice  as  bright 
as  upon  the  eastern,  which  practically  demonstrates  that,  like  our  own 
moon,  it  keeps  the  same  face  towards  the  planet  at  all  times,  one-half 
of  its  surface  being  much  more  brilliant  than  the  other. 

Mimas,  the  nearest  and  smallest  of  the  satellites,  coasts  around  the 
edge  of  the  ring  at  a  distance  from  it  of  only  34,000  miles,  or 
118,000  from  the  planet's  centre,  having  a  period  of  only  22^  hoars. 
This  satellite  is  so  small  and  so  near  the  planet  that  it  can  be  seen 
only  by  very  large  telescopes  and  under  favorable  conditions. 

Titan,  as  its  name  suggests,  is  by  far  the  largest  of  the  family. 
Its  distance  is  about  770,000  miles,  and  its  period  a  little  less  than 
16  days.  It  is  probably  3000  or  4000  miles  in  diameter,  and  accord- 
ing to  Stone,  its  mass  is  ^^^^  of  Saturn's. 

644.  Peculiar  Behavior  of  Hyperion.  —  Hyperion  has  a  distance 
of  934,000  miles,  and  a  period  of  21 J  days.  Under  the  action  of  Titan  its 
orbit  is  rendered  considerably  eccentric,  and  its  line  of  apsides  always  keeps 
itself  in  the  line  of  conjunction  with  Titan,  retrograding  in  a  way  which 
at  first  seemed  to  defy  theoretical  explanation,  but  turns  out  to  be  only 
a  *'  new  case  in  celestial  mechanics/'  and  a  necessary  result  of  the  disturb- 
ance bv  Titan. 

Tlie  orbit  of  lapetus  is  inclined  about  10^  to  the  plane  of  the  rings,  but  all 


^  Until  Herschers  time  it  was  customary  to  distinguish  the  sateUites  as  first, 
second,  etc.,  in  order  of  distance  from  the  planet ;  but  as  Herschel's  new  satellites 
were  witiiin  the  orbits  of  those  which  were  known  before,  their  discoTerj  con- 
fused matters,  and  the  confusion  became  worse  confounded  when  the  eighth 
appeared.  They  are  now  usually  designated  by  names  assigned  by  Sir  John 
Herschel  as  follows,  beginning  with  the  most  remote,  namely:  lap^ltus  (Hype- 
rion), Titan;  Rhea,  Dionc,  Tethys;  Enceladus,  Mimas.  It  will  be  noticed  that 
these  names,  leaving  out  Hyperion,  which  was  undiscorered  when  they  were 
assigned, iorm  a  line  and  a  half  of  a  regular  Latin  pentameter. 
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the  other  satellites  move  exactly  in  their  plane,  and  all  the  five  inner  ones 
move  in  orbits  sensibly  circular.  The  orbits  of  lapetus,  Hyperion,  and  Titan 
have  a  slight  eccentricity.  It  is  not  at  all  impossible  or  even  improbable 
that  other  minute  satellites  may  yet  be  discovered  in  the  great  gap  between 
Titan  and  lapetus. 

URANUS. 

646.  As  the  satellites  of  Jupiter  were  the  first  heavenly  bodies 
to  be  ^'discovered,"  so  Uranus  was  the  first  ^'discovered"  planet, 
all  the  other  planets  then  known  having  been  known  from  prehistoric 
antiquity.  On  March  13,  1781,  the  elder  Herschel,  m  sweeping 
over  the  heavens  systematically  with  a  seven-inch  reflector  made 
by  himself,  came  upon  an  object  which,  by  its  disc,  he  saw  at  once 
was  not  an  ordinary  star.  In  a  day  or  two  he  had  ascertained  that 
it  moved,  and  announced  the  discovery  as  that  of  a  comet.  After 
a  short  time,  however,  it  became  obvious  from  the  computations 
of  Lexell,  that  its  orbit  was  nearly  circular,  that  its  distance  was 
enormous,  and  that  its  path  did  not  at  all  resemble  that  oi'dinarily 
taken  by  a  comet;  and  within  a  year  its  planetai*y  character  was 
recognized  and  it  was  formally  admitted  as  a  new  member  of  the 
solar  system.  The  name  of  Uranus^  suggested  by  Bode,  finally  pre- 
vailed over  other  appellations  (Herschel  himself  called  it  the  Georginm 
Sidus,  in  honor  of  the  king) ,  with  the  symbol  9  or  g .  The  former  is 
still  generally  used  by  English  astronomers. 

The  discovery  of  a  new  planet,  a  thing  then  utterly  unprecedented,  caused 
great  excitement.  The  king  knighted  Herschel,  gave  him  a  pension,  and 
furnished  him  with  the  funds  for  constructing  his  great  forty-foot  reflector 
of  four  feet  aperture,  with  which  he  afterwards  discovered  the  two  inner 
satellites  of  Saturn.  It  was  found  on  reckoning  back  from  the  date  of 
Hernchers  discovery  that  the  planet  had  been  several  times  before  observed 
as  a  star  by  astronomers  who  narrowly  missed  the  honor  which  fell  to  the 
more  fortunate  and  diligent  Herschel.  Twelve  such  observations  had  been 
made  bv  I^monnier  jilone. 

ft 

646.  Orbit. — The  mean-distance  of  Uranus  from  the  sua  is  very 
nearly  1800  millions  of  miles,  and  the  eccentj'icity  a  trifle  less  than 
that  of  Jupiter*s  orbit,  amounting  to  about  83,000000.  The  indina- 
tion  of  the  orbit  to  the  plane  of  the  ecliptic  is  very  slight,  only  46'. 
The  planet's  periodic  time  is  84  years,  and  the  synodic  period  (fVom 
opposition  to  opposition)  369''  8^.  The  orbital'velocity  is  4^  miles 
per  second. 
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647.  Appearance  and  Magnitnde.  — Uranus  is  distinctly  visible  to 
the  naked  eye  on  a  dark  night  as  a  small  star  of  the  so-called  sixth 
magnitude.  It  is  so  remote,  its  orbit  having  a  diameter  more  than 
19  times  that  of  the  earth's,  that  there  is  very  little  change  in  its 
appearance,  and  it  makes  no  practical  difference  whether  it  is  at 
opposition  or  quadrature. 

In  the  telescope  it  shows  a  sea-green  disc  of  about  i"  in  apparent 
diameter,  corresponding  to  a  real  diameter  of  32,000  miles.  Its  sur- 
face is  about  16  times,  and  its  volume  about  66  times  greater  than 
that  of  the  earth,  so  that  the  earth  compares  in  size  with  Uranus 
about  as  the  moon  does  with  the  earth.  The  mass  of  Uranus  is  14.6 
times  that  of  the  earth,  and  its  density  and  surface-gravity  are  respec- 
tively 0.22  and  0.90. 

648.  Albedo  and  Light. — The  reflecting  power  of  the  planet's 
surface  is  very  high,  its  albedo,  according  to  Zdllner,  being  0.64,  even 
exceediug  that  of  Jupiter.  It  is  to  be  remembered,  however,  that 
sunlight  at  Uranus  is  only  j^  as  intense  as  at  the  earth,  and  only 
about  ^  as  intense  as  at  Jupiter ;  so  that  the  disc  of  the  planet  doea 
not  appear  in  the  telescope  even  nearly  as  bright  as  a  piece  of  Jupitcr'i 
disc  of  the  same  apparent  size.  The  greenish  blue  tint  of  tlie  planet 
is  accounted  for  by  the  fact  that  its  spectrum  shows  certain  conspicu- 
ous dark  bauds  in  its  lower  portion,  bands  perhaps  identical  with 
those  whicli  are  visible  in  the  spectrum  of  Saturn,  but  much  more 
intense.  The  F  line  is  also  specially  prominent  in  the  spectrum  of 
Uranus.     These  facts  probably  indicate  a  dense  atmosphere. 

649.  Polar  Compression,  Belts,  and  Botation.  — The  disc  of  th^ 
planet  shows  a  decided  ellipticity  —  about  ^  according  to  the  Prince- 
ton observations  of  1883,  which  agree  nearly  with  those  of  Schiapa- 
relli.  There  arc  also  sometimes  visible  upon  the  planet's  dist 
certain  extremely  faint  bands  or  belts,  much  like  the  belts  of  Jupiter 
viewed  witli  a  very  small  telescope.  What  is  exceedingly  singular, 
however,  is  that  the  trend  of  these  belts  seems  to  indicate  a  |>/a7ie 
of  rotathm  not  coinciding  with  the  plane  of  the  satellites*  orbits, 
Ncarlv  all  the  observers  who  have  seen  them  at  all  find  that  thev  are 
inclined  to  the  satellites'  orbit-plane  at  an  angle  of  from  15°  to  40**. 
Now  unless  there  is  some  error  in  Tisserand's  investigations  upon  the 
motions  of  satellites,  it  is  certain  that  the  plane  of  these  orbits  must 
of  necessity  nearly  coincide  with  the  planet's  equator.  Probably  the 
error  lies  in  judging  the  direction  of  the  belts,  which  at  the  best  are 
at  the  verv  limit  of  visibilitv. 
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One  or  two  observers  have  assigned  to  the  planet  rotation  periods 
ranging  from  9^  to  12^;  but  it  cannot  be  said  that  an}'  determination 
of  this  element  yet  made  is  to  be  trusted. 

660.  Satellites.  —  The  planet  has  four  satellites;  viz.,  Ariel, 
Umbriel,  Titania,  and  Oberon  ;  Ariel  being  the  nearest  to  the  planet. 
The  two  brightest  of  them,  Oberon  and  Titania,  were  discovered  by 
Sir  William  Herschel  a  few  yeai*s  after  the  discovery  of  the  planet. 
He  observed  them  sufficiently  to  obtain  a  reasonably  correct  determi^ 
nation  of  their  distances  and  periods. 

It  is  not  certain  that  he  saw  either  of  the  other  two,  though  he  thought  he 
had  found  six  satellites  in  all,  and  a  few  years  ago  a  popular  writer  on 
astronomy  actually  credited  the  planet  with  eight  satellites,  —  the  four 
whose  names  have  been  given,  and  four  others  which  Herschel  supposed  he 
had  seen. 

Ariel  and  Umbriel  were  first  certainly  discovered  by  Lassell  in  1851,  and 
have  since  been  satisfactorily  observed  by  numerous  large  telescopes.  They 
are  telescopically  the  smallest  bo<lies  in  the  solar  system,  and  the  most 
difficult  to  see.  In  real  size,  they  are,  of  course,  much  larger  than  the  satel* 
lites  of  Mars  or  many  of  the  asteroids,  very  likely  measuring  from  200  to 
500  miles  in  diameter ;  but  they  are  ten  times  as  far  away  as  the  asteroids, 
and  illuminated  by  a  sunlight  not  ^^  as  brilliant  as  theirs. 

651.  Satellite  Orbits.  —  The  orbits  of  the  satellites  are  sensibly  circu- 
lar, and  all  lie  in  one  plane,  which,  as  has  been  said,  ought  to  be,  and  prob- 
ably is,  coincident  with  the  plane  of  the  planet's  equator.  They  are  very 
close-packed  also,  Oberon  having  a  distance  of  only  .375,000  miles,  with  a 
period  of  13*  \\\  while  Ariel  has  a  i>erioil  of  2*  12*,  at  a  distance  of  223,000 
miles.  Titania,  the  largest  and  brightest  of  them,  has  a  distance  of  280,000 
miles,  somewhat  greater  than  that  of  the  moon  from  the  earth,  with  a  period 
of  8*  17\  Under  favorable  circumstances  this  satellite  can  be  just  seen  with 
a  telescope  of  eight  or  nine  inches  aperture. 

662.  Plane  of  Beyolntion.  —  The  most  remarkable  thing  aboat 
this  satellite  system  remains  to  be  mentioned.  The  plane  of  their 
orbits  is  inclined  82^.2  to  the  plane  of  the  ecliptic,  and  in  that  plane 
thev  revolve  backicards:  or  we  mav  sav,  what  comes  to  the  same 
thing,  that  their  orbits  are  inclined  to  the  ecliptic  at  an  angle  of 
9T,S^  in  which  case  their  revolution  is  to  be  considered  as  direct. 

When  the  line  of  nodes  of  their  orbit  plane  passes  through  Uie  earth, 
as  it  did  in  184()  and  1882,  the  orbits  are  seen  edgewise  and  appear  as 
straight  lines.     On  the  other  hand,  in  18IJ1.  they  were  seen  almost  in  plan 
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a8  nearly  perfect  circles,  and  will  be  seen  so  again  in  1903.  The  year  1882-83 
was  a  specially  favorable  time  for  determining  the  inclination  of  the  orbits 
and  the  position  of  the  nodes,  as  well  as  for  measuring  the  polar  compres- 
sion of  the  planet 

NEPTUNE. 

653.  The  discovery  of  this  planet  is  Justly  reckoDed  as  the 
greatest  triumph  of  mathematical  astronomy.  Uranus  failed  to  move 
precisely  in  the  path  which  the  computers  predicted  for  it,  and  was 
misguided  by  some  unknown  influence  to  an  extent  which  a  keen 
eye  might  almost  see  without  telescopic  aid.  The  difference  between 
its  observed  place  and  that  prescribed  for  it  had  become  in  1845 
nearly  as  much  as  the  ^'  intolerable"  quantity  of  2'  of  arc. 

Near  the  bright  star  Vega  there  are  two  little  stars  which  form  with  it  a 
small  equilateral  triangle,  the  sides  of  the  triangle  being  about  1\°  long. 
The  northern  one  of  the  two  little  stars  is  the  beautiful  double-double  star 
e  Lyra;,  and  can  be  seen  as  double  by  a  keen  eye  without  a  telescope,  the 
two  companions  being  about  3^'  apart.  Now  the  distance  between  the 
computed  place  of  Uranus  and  its  actual  position  was,  when  at  its  maxi- 
mum, just  a  little  more  than  half  of  the  distance  between  these  components 
of  e  Lyrae,  that  only  a  keen  eye  can  separate.  One  would  almost  say  that 
such  a  minute  discrepancy  between  observation  and  theory  was  hardly  worth 
minding,  and  that  to  consider  it  "  intolerable  **  was  what  a  Scotchman  would 
call  "  sheer  pemickittyness." 

But  just  these  minute  discrepancies  constituted  the  data  which 
were  found  sufficient  for  calculating  the  position  of  a  hitherto 
unknown  planet,  and  bringing  it  to  light.  Leverrier  wrote  to  Galle, 
in  substance  :  "  Direct  your  telescope  to  a  point  on  the  ediptic  in  the 
constellation  of  Aquarius^  in  longitude  320^^  and  you  wUl  find  within 
a  defjree  of  thai  place  a  new  planet^  looking  like  a  star  of  about  the 
ninth  magnitude^  and  having  a  perceptible  disc,**  The  planet  was 
found  at  Berlin  on  the  night  of  Sept.  23,  1846,  in  exact  accordance 
with  this  prediction,  within  half  an  hour  after  the  astronomers  began 
looking  for  it,  and  only  about  52'  distant  from  the  precise  point  that 
Leverrier  had  indicateiL 

654.  So  far  as  the  mathematical  operations  are  concerned,  the 
honor  is  to  be  equally  divided  between  two  then  young  men, — 
Leverrier  of  Paris,  and  Adams  of  Cambridge,  England.  Each  took 
up  the  problem,  and  by  perfectly  independent  and  considerably  dif- 
ferent nietho<l8  arrived  at  substantiallv  the  same  solution,  and  each 
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promptly  /xymmanicaUrd  the  resalt  (\f\sLms  some  montiis  emriier  thmn 
f>;v^rrier>  to  a  practical  a^trooomer  provided  with  the  neccsaarj 
apfiaratuft  for  actnaliv  detecting  the  pUmet. 

Afb^fM,  who  waff  then  a  graduate  of  thre^  years'  standing,  a  fellow  and  a 
UitffT  in  hiJi  CT/Uegf;,  communicated  bid  r&iulu  to  Challis.  his  profesBor  of 
aitronomy  at  Cambridge,  early  in  the  year  (1^6).  Challis  at  once  ooo- 
milu-A  Airy,  the  A.<itronomer  Royal,  but  between  them  the  matter  rather  lay 
in  al^yance  for  v/me  months  until  a  notice  appeared  of  a  preliminary  paper 
by  [>;v«?rrier,  which  indicated  that  he  aLio  had  reached  substantially  the 
Mame  cone! ti.<^ ions  as  AdainM.  Then,  at  the  urgent  suggestion  of  Airj, 
i'halliii  d#!cid^^i  to  begin  the  search  at  once,  and  to  capture  the  planet  by 
n'nt^ff  *M)  U)  sfK;ak.  If  he  ha^l  had  such  star-maps  as  we  now  possess  of  the 
n*gion-f  where  tlie  planet  lay  concealed,  it  would  have  been  comparatively  an 
ea^tv  ofj^^ration;  but  as  he  ha^l  not,  he  decided  to  go  over  a  space  10"  wide 
by  ''*M'  Ion;;,  and  to  go  over  it  three  times.  The  positions  of  all  fixed 
Htarn  would  of  course  Ixs  the  same  at  each  of  the  three  observations,  but  a 
planet  would  diange  its  place  in  the  meantime,  and  so  would  be  surely 
det<'ct^;d. 

lie  l;<rgan  his  work  on  July  29,  including  in  his  sweep  all  stars  down  to 
the  bMith  magnitude.  When,  on  Oct.  1,  he  learned  of  the  actual  discovery 
of  the  planet,  he  ha^l  recorded  the  ])osition8  of  something  over  3000  stars, 
and  was  preparing  to  map  them.  He  had  already  secured,  as  it  turned  out, 
thn^i  obHtTvatioiiH  of  tlif^  ))lanet  on  July  'M),  Aug.  12,  and  Sept.  29,  and 
of  course  it  wuh  only  the  ([ueHtion  of  a  few  weeks  more  or  less  when  the 
dim!UHHir>n  of  tlic  obsi.TvatioM.s  would  have  brought  the  planet  to  light. 

Hut  whiltt  tliiH  nitlicr  deHlN*rate  process  was  going  on  in  England,  Lever- 
riiT  had  n^vistMl  his  work,  making  a  second  approximation,  and  had  commu- 
nicat4!d  his  rcHults  to  (falhs  at  I^^rlin,  substantially  as  above  indicated.  The 
I^tHu  aHtroiionicrs  had  the  gr«'at  tidvantage  of  a  new  star-chart  by  Bremiker, 
covering  thai  very  region  of  the  sky,  and  therefore  did  not  need  to  enter 
u]N)n  any  Hudi  t(Mlious  campaign  as  that  l)egun  by  Challis.  In  less  than 
half  an  hour  tlicy  found  a  new  star;  not  indicated  on  the  map,  and  showing 
a  Kensible  discr,  jii.st  as  T>(>ven'ier  had  predicted ;  and  within  twenty-four  hours 
its  motion  proved  it  to  be  the  planet. 

655.  Gompnted  Elements  Erroneous.  —  Both  Adams  nnd  Leverrier, 
b(>si(les  coniputiiig  the  phiiiot's  |)08itioii  in  the  sk}*  had  deduced 
elemenlH  of  itn  orbit,  and  a  value  for  its  niass,  which  turned  out  to  be 
c'onHiderablv  erroneous.  The  reason  was  that  thev  had  assumed  (hat 
the.  mran  (listaticv  of  the  new  planet  from  the  sun  loould  foUow  Bode*s 
i(iu\  a  Huppositioii  which,  as  it  turned  out,  is  not  even  roughly  true, 
although  it  was  ontiroly  warranted  by  the  existing  facts,  since  all  the 
tht'n  known  planotH,  not  oxreptin^  Uranus,  obe}'  it  with  reasonable 


OLD  OBSERVATIONS   OF  NEPTUNE,  871 

exactness.  This  assumption  of  an  erroneous  mean  distance  of  thirty- 
eight  astronomical  units,  instead  of  the  true  distance  of  thirty,  carried 
with  it  errors  in  all  the  other  elements  of  the  orbit ;  and  the  computed 
elements  are  so  wide  of  the  truth  that  great  authorities  have  main- 
tained that  the  actual  Neptune  was  not  at  all  the  Neptune  of  Leverrier 
and  Adams,  but  an  entirely  different  planet;  and  even  that  the 
discovery  was  a  '*  happy  accident."  It  was  not  an  accident  at  all, 
however.  While  the  data  and  methods  employed  were  not  competent 
to  determine  the  planet's  orbit  accurately,  they  were  sufficient  to 
determine  the  direction  of  the  unknown  body,  which  was  the  one 
thing  needed  to  insure  its  discovery.  The  computers  informed  the 
searchers  precisely  where  to  point  their  telescopes,  and  could  do  so 
again  were  a  new  case  of  the  same  kind  to  appear  once  more. 

656.  Old  Obsenrations  of  Heptane.  —  After  a  few  weeks*  observa- 
tion of  the  new  planet  it  became  possible  to  compute  an  approximate  orbit ; 
and  reckoning  back  by  means  of  this  approximate  orbit,  the  approximate 
place  on  any  given  date  for  many  years  preceding  could  be  found.  On 
examining  the  observations  of  stars  made  by  different  astronomers  in  these 
regions  of  the  sky,  there  were  found  several  instances  in  which  they  had 
observed  the  planet,  a  star  of  the  ninth  magnitude  in  the  proper  place  for 
Neptune  being  recorded  in  their  star-catalogues,  while  the  place  is  now 
vacant.  These  old  observations,  thus  recovered,  were  of  great  use  in  deter- 
mining the  planet's  orbit  with  accuracy. 

657.  The  Orbit  of  Heptane. — The  planet's  mean  distance  from 
the  sun  is  a  little  more  than  2800,000000  of  miles,  instead  of  being 
over  3000,000000,  as  it  should  be  according  to  Bode's  law.  The 
orbit,  instead  of  being  considerably  eccentric,  as  it  appeared  to  be 
from  the  computation  of  Adams  and  Leverrier,  is  more  nearly  ci>cular 
than  any  other  in  the  system  except  that  of  Venus,  its  eccentricity 
being  only  y^^^.  Even  this  small  fraction,  however,  makes  a  varia- 
tion of  over  50,000000  of  miles  in  the  planet's  distance  from  the  sun 
at  different  parts  of  its  orbit.  The  inclination  of  the  orbit  is  about 
\}°.  The  period  of  the  planet  is  about  164  years,  instead  of  217,  as 
it  should  have  been  according  to  Leverrier's  computed  orbit.  The 
orhilal  velocity  is  about  3^  miles  a  second. 

658.  The  Solar  System  as  seen  from  Heptane. — At  Neptune*s 
distance  tlie  sun  itself  has  an  apparent  diameter  of  only  a  little  more 
than  1'  of  arc,  — only  about  the  diameter  of  Venus  when  nearest  us, 
and  too  small  to  be  seen  as  a  disc  by  the  eye,  if  there  are  eyes  on 
Neptune.     The  light  and  heat  received  from  it  are  only  ^^  part  of 
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what  we  get  at  the  earth.     Still,  we  most  not  imagine  that,  as  oodh 
pared  with  starlight  or  even  moonlight,  the  Neptunian  sunlight  is  feeUe. 


Asuaming  Zcillner's  estimaU-  that  sunlight  at  the  earth  is  618,000  times 
iutenne  as  the  light  of  the  fall  moon,  we  find  that  the  san,  even  at  Xeptnne 
giveH  a  light  e^jaal  to  C^  full  moons.  This  is  about  seventy-eight  times  the 
light  of  a  standard  candle  at  one  metre  distance,  or  about  the  light  of  a 
thousand  candle  power  electric  arc  at  a  distance  of  10 J  feet — abundant  for 
all  visual  purjiriHes.  In  fact,  as  seen  from  Neptune,  the  sun  would  look  Tsry 
much  like  a  large  electric  arc-lamp  at  a  distance  of  a  few  feet.  We  call 
special  attention  to  tiiis,  because  erroneous  statements  are  not  unfreqoently 
met  with  that  **  at  Neptune  the  sun  would  be  only  a  first  magnitude  star.** 
It  would  really  give  about  i^fiOOOOO  times  the  light  of  such  a  star. 

659.  From  Neptune  the  four  terrestrial  planets  would  be  hopelessly 
invisible,  unless  with  powerful  telescopes  and  by  carefully  screening  off 
the  sunlight.  Mars  would  never  reach  an  elongation  of  3^  from  the  sun ; 
the  maximum  elongation  of  the  earth  would  be  about  2^,  and  that  of  Venus 
aliout  1  }/^.  Jupiter,  attaining  an  elongation  of  about  10^,  would  probably 
be  easily  Hoen  somewhat  as  we  see  Mercury.  Saturn  and  Uranus  would  be 
cons])iciu>ufl,  though  the  latter  is  the  only  planet  of  the  whole  system  that 
can  Ixi  iM.'tter  seen  from  Neptune  than  it  can  be  from  the  earth. 

660.  The  Planet  itself.  —  Neptune  appears  in  the  telescope  as  a 
small  star  of  l)ctwccn  the  eighth  and  ninth  magnitudes,  absolutely 
invi»ible  to  the  naked  eye,  though  easily  seen  with  a  good  opera-glass. 
It  shows  a  grccniHh  disc,  having  an  apparent  diameter  of  about  2".6, 
which  varies  very  little,  since  the  entire  range  of  variation  in  the 
plan(*t'H  distance  from  us  is  only  a1)out  j^  of  the  whole.  The  real 
diameter  of  the  i)lanot  is  about  35,r)00  miles  (but  the  probable  error  of 
this  inuHt  bo  fully  500  miles)  ;  the  volume  is  a  little  more  than  ninety 
times  that  of  the  caith.  Its  mass^  as  determined  by  means  of  its  sat- 
ellito,  is  a])<>ut  18  limes  that  of  the  earth,  and  its  density  0.20. 

The  planet's  nlbodo^  according  to  Zollner,  is  about  forty-six  per 
cent,  21  tritic  lower  than  that  of  Saturn  and  Venus,  and  considerably 
below  that  of  Jupiter  and  Uranus.  There  are  no  visible  markings 
upon  its  surface,  and  nothing  is  known  as  to  its  rotation.  The 
spectrum  of  the  planet  appears  to  be  precisely  like  that  of  Uranus. 
The  light  is  so  feeble  that  the  ordinary  lines  of  the  solar  spectrum 
are  difllcult  to  make  out,  but  there  :u*e  a  number  of  heavy,  dark 
bands,  which  indicate  the  existence  of  a  dense  atmosphere,  through 
which  the  light,  retlected  by  the  cloud-covered  surface  of  the  planet, 
is  transmitted,  —  an  atmosphere  which  appears  to  be  identically  the 
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same  on  both  Uranus  and  Neptune,  while  some  of  its  constituents  are 
probably  preseut  in  Jupiter  and  Saturn,  as  shown  by  the  principal 
dark  band  in  the  red.  It  is  not  possible  as  yet  to  identify  the 
substance  which  produces  these  bands. 

It  will  be  seen  that  Uranus  and  Neptune  form  a  ''  pair  of  twins  " 
very  much  as  the  earth  and  Venus  do ;  being  nearly  alike  in  magni- 
tude, density,  aud  other  characteristics. 

661.  Satellite.  —  Neptune  has  one  satellite,  discovered  by  Lassell 
within  a  month  after  the  discovery  of  the  planet  itself.  Its  distance 
is  223,000  miles,  and  its  period  is  5*  21»»  2".7.  Its  orbit  is  inclined' 
iM°  53',  and  it  moves  backward  in  it;  t.c,  clockwise,  from  east 
towards  the  west,  like  the  satellites  of  Uranus.  It  is  a  very  small 
object,  appearing  of  about  the  same  brightness  as  Oberon,  the  outer 
satellite  of  Uranus.  From  its  brightness,  as  compared  with  that 
of  Neptune  itself,  we  estimate  that  its  diameter  is  about  the  same  as 
that  of  our  own  moon,  though  perhaps  a  little  larger. 

Since  Neptune  is  so  far  from  the  sun,  and  the  planet  has  no  other  satellite 
of  any  size  (none  certainly  comparable  with  this  one),  its  motion  must  be 
]H'actically  undisturlwd  and  very  nearly  unifonn.  It  has  been  therefore  pro- 
jK)s«'(l  to  make  it  a  test  of  the  unifonnity  of  other  motions  in  the  solar  system^ 
such  as  the  length  of  the  day  and  the  length  of  the  month.  It  revolves 
rapidly  enough  to  admit  of  very  precise  observations  by  large  telescopes. 
It  is,  of  course,  possible  that  the  planet  has  other  undiscovered  satellites, 
but  if  so,  they  must  be  very  ndnute. 

662.  Trans-Neptunian  Planet.  —  Perhaps  the  breaking  down  of  Bode's 
law  at  Neptune  may  l>e  regarded  as  an  indication  that  the  system  terminates 
with  liiin,  and  that  there  is  no  remoter  planet.  If  such  a  planet  exists,  how- 
ever, it  is  sure  to  \>e  found  sooner  or  later,  either  by  means  of  its  disturbing 
action  ui>on  Uranus  and  Neptune,  or  else  by  the  methods  of  the  asteroid 
hunters,  although,  of  course,  its  slow  motion  will  render  its  detection  in  this 

way  difficult. 

In  1H77,  Professor  Todd,  from  a  graphical  investigation  of  the  outstand- 
ing differences  l»etween  the  computed  and  observed  places  of  Uranus  (after 
allowing  for  Neptune\s  action)*  concluded  that  an  undiscovered  planet  ver\' 
j>rol)aMy  exists,  and  that  its  longitude  was  then  about  170°.  He  made  a 
careful  but  unsuccessful  search  for  it  with  the  Washington  telescope,  going 
oM'v  a  ret^ion  about  40^  long  by  2°  wide  with  a  power  of  400,  hoping  to 
n'C()i;i)i/.»'  the  planet  by  its  disc. 

663.  In  the  A]>]>endix,  we  give  tables  containing  the  most  accurate  data 
of  the  ]»lanetary  system  at  present  available,  but  with  renewed  cautions  to 
tlif  stud»Mit  that  these  data  are  of  very  different  degrees  of  accuracy. 
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The  dUianc^jt  (la  agtronomical  units j.  and  the  periods  a£  the  pUmete 
(except  perhapfl  .v>me  of  the  a«terouLt;  are  known  with,  extreme  preeiaion; 
probably  the  very  last  figure  of  the  table  may  be  cmsted.  The  other 
elements  of  their  orbiu  are  aino  known  rery  closely,  if  not  -luite  so  preciaelj 
aa  the  dintanceM  and  periorlM.  The  mnxA^ist,  In  fttmu  of  the  .ittn^s  mau,  .^tand 
iipxt  to  the  orbit  elements  in  order  of  precision,  with  an  error  probably  not 
exceedin;^  one  per  cent  (except,  however,  in  the  case  of  lieicnzT,  the  iiaHi 
of  which  rr^niainn  .still  very  uncertain). 

The  ratio  of  the  ^arth'.i  rciAAA  Ui  the  ^un's  u  however  less  accurately  known, 
^leinjj  at  present  .subject  to  an  nncertaiiity  nt  at  lea:»t  two  per  cent.  This  is 
berau.se  it.s  determination  involves  a  knowleil:^^  of  the  .solar  parallax  (Art. 
27'^*),  the  e^Ji^.  of  which  appears  in  the  formula  for  the  ratio  of  the 

Of  cofirae  all  the  manaeM  of  the  planeta  ^xpreued  in  termj  of  the  earth's 
are  subject  to  the  same  uncertainty  in  adiiition  to  all  other  po»ibIe  c 
of  error. 

When  we  come  to  the  d  I  time  fern,  rtiltAmea,  and  deiunties  of  the  pIaoet% 
the  data  Viecome  less  an<I  less  certain,  as  has  been  pointed  oat  before.  For 
the  nearer  and  lar:,^pr  planets,  .say  Venu.'<.  Mars,  and  Jupiter,  they  are  reason^ 
ably  sati.sfa/^fory,  for  the  remoter  ones  Itmn  sr^  and  the  fijrares  for  the  density 
of  the  distant  planet.'4,  —  Mercury.  Oanus,  and  Xeptune,  for  instance,  —  are 
very  likely  .subject  to  errors  of  ten  or  twenty  per  cent,  if  not  more. 

664.  We  V*r*rTow  from  Herschel's  "^>utlines  of  Astronomy  "  the  following 
illustration  of  the  relative  magnitudes  and  distances  of  the  members  of  oar 
system.  "Chrjose  any  well-levelle*!  field.  On  it  place  a  globe  two  feet  in 
diameter.  This  will  represent  the  snn;  Mercury  will  be  represented  b j  a 
grain  of  m^utard-i^.^.d  on  the  circumference  of  a  circle  164  feet  in  diameter 
for  ifs  orbit ;  Venus,  a  p*ta  on  a  circle  of  2SI  feet  in  diameter;  the  Earth  also, 
a  pea  on  a  circle  of  4*$^!  feet;  Mars,  a  rather  large  pin*9-head  on  a  circle  of 
054  feet;  the  ast'troids, ^rr/iinjr  of  nand  in  orbits  of  1000  to  1200  feet;  Japiter, 
a  mttflernle-nized  oranffe  in  a  circle  nearly  half  a  mile  across;  Satam,  a  tmall 
ornnffe  r»ri  a  rirde  of  four-fifths  of  a  mile;  Uranus,  &  ftdi-itized  cherry  or 
Mmall  plum  u]K)U  the  circumference  of  a  circle  more  than  a  mile  and  a  half; 
and  finally  Nc]>turie,  a  tfofnl-nized  plum  on  a  circle  aVx)ut  two  miles  and  a  half 
in  rliain<*t#'r.  .  .  .  Tr>  imitate  the  mot  if  ins  of  the  planets  in  the  above-men- 
tioufd  r>rbitH,  Mtrrcury  must  descrilx;  its  own  diameter  in  41  seconds;  A^enus, 
in  *-  IP;  ih*'  Karth,  in  7  minutes;  Mars,  in  4"  48';  Jupiter,  in  2*56"; 
Saturn,  in  ;i^  UJ- ;  Uranus,  in  2*  10-  ;  and  Neptune,  in  3^  30-."  We  may  add 
thill  on  this  H<-ale  the  nearest  niar  would  be  on  tlie  opposite  side  of  the  globe, 
fit  the  anti]KKl«>H,  H^MK)  miles  away. 
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CHAPTER  XVI. 

THE  DETERMINATION  OF  THE  SUN'S  HORIZONTAL  PARALLAX 
AND  DISTANCE.  —  TRANSITS  OF  VENUS  AND  OPPOSITIONS  OF 
MARS.  —  GRAVITATIONAL  METHODS.  —  DETERMINATION  BY 
MEANS   OF   THE   VELOCITY   OF  LIGHT. 

665.  This  problem,  from  some  points  of  view,  is  the  most  funda- 
mental of  all  thai  are  encountered  by  the  astronomer.  It  is  true  that 
it  is  (K)88ible  to  deal  with  many  of  the  subjects  that  present  themselyes 
in  the  science  without  the  necessity  of  employing  any  units  of  length 
and  mass  but  those  that  are  purely  astronomical,  leaving  for  subse- 
quent determination  the  relation  between  these  units  and  the  more 
familiar  ones  of  ordinary  life  :  we  can  get,  so  to  speak,  a  map  of  the 
solar  system,  correct  in  proportion^  though  without  a  scale  of  milea. 
But  to  give  the  map  its  real  meaning  and  use,  we  must  find  the  scale 
dually,  if  not  at  first,  and  until  thb  is  done  we  can  form  no  true  con- 
ceptions of  the  actual  dimensions,  masses,  and  distances  of  the  heav- 
enly bodies. 

The  problem  of  finding  the  true  value  of  the  astronomical  unit  is 
difliciilt,  because  of  the  great  disproportion  between  the  size  of  the 
earth  and  the  distance  of  the  sun.  The  relative  smallness  of  thq 
earth  limits  the  length  of  our  available  '^  base  line,'*  which  is  less 
than  i-rlxfu  P^**^  ^^  ^^®  distance  to  be  determined  by  it.  It  is  as  if 
a  person  confined  in  an  upper  room  with  a  wide  prospect  were  set  to 
determine  the  distance  of  objects  ten  miles  or  more  away,  without 
going  outside  the  limits  of  his  single  window.  It  is  hopeless  to  look 
for  accurate  results  by  direct  methods,  such  as  answer  well  enough  in 
the  moon's  case,  and  astronomers  are  driven  to  indirect  ones. 

666.  Historical.  —  Until  nearly  1700  no  even  reasonably  accurate 
kiKiNNUdgi'  of  the  sun's  distance  had  been  obtained.  Aristarchus,  by  a  very 
iit<;«'niuus  though  inaccurate  method,  had  found,  as  he  thought,  that  the 
distance  of  the  sun  was  nineteen  times  as  great  as  that  of  the  moon  (it  is 
Tv'dUy  :)90  times  as  great),  and  llipparchus,  combining  this  determination  of 
Aiistarchus  with  his  own  knowledge  of  the  moon's  distance,  estimated  the 


376  DETERMINATION   OF  THE  RUN'S  DISTANCE, 

sun's  parallax  at  3',  which  is  more  than  twenty  times  too  large.  This  value 
was  accepted  by  Ptolemy,  and  remained  undisputed  for  twelve  centuries,  until 
Kepler,  from  Tycho's  observations  of  Mars,  satisfied  himself  that  the  sun's 
parallax  could  not  exceed  1' ;  i.e.,  that  the  sun's  distance  must  be  at  least  as 
great  as  twelve  or  fifteen  millions  of  miles.  Between  1670  and  1680  Cassini 
proposed  to  determine  the  solar  parallax  by  observations  of  Mars ;  for  by  that 
time  the  distance  of  Mars  from  the  earth  at  any  moment  could  be  very  accu- 
rately computed  in  astronomical  units,  so  that  the  determination  of  the  par- 
allax of  Mars  would  make  known  that  of  the  sun.  Observations  in  France, 
compared  with  observations  made  in  South  America  by  astronomers  sent  out 
for  the  purpose,  showed  that  the  parallax  of  Mars  could  not  exceed  25",  or 
that  of  the  sun,  10".  Cassini  set  it  at  9".5,  corresponding  to  a  distance  of 
86,000000  of  miles,  —  giving  the  first  reasonable  approach  to  the  true  dimen- 
sions of  the  solar  svstem. 

In  1716,  Halley  pointed  out  the  manner  in  which  the  transits  of  Venus 
might  be  utilized  to  furnish  a  far  more  accurate  determination  of  the  solar 
parallax  than  was  possible  by  any  method  before  used.  He  died  before  the 
transits  of  1761  and  1760  occurred,  but  they  were  both  observed,  the  first 
not  very  satisfactorily,  but  the  second  with  perfect  success,  and  in  the  most 
widely  separated  parts  of  the  globe.  The  results,  however,  were  by  no 
means  as  accordant  as  had  been  ex^'iected.  Various  values  of  the  sun's  par- 
allax were  deduced,  ranging  all  the  way  from  8 J"  to  9",  according  to  the 
obser^'ation8  used,  and  the  way  they  were  treated  in  the  discussion. 
Towards  the  end  of  the  century,  La  Place  adopted  and  used  for  a  while  the 
value  8".81,  while  Delambre  preferred  8".6. 

667.  In  1822-24  Encke  collected  all  the  transit  observations  that 
had  been  published,  and  discussed  them  as  a  whole  in  an  extremely 
thorough  manner,  deducing  as  a  final  result  from  the  two  transits  of 
1761  and  1760,  8". 5776,  corresiK)uding  to  a  distance  of  95i  millions 
of  miles.  The  decimal  is  very  imposing,  and  the  discussion  by 
which  it  was  obtained  was  unquestionably  thorough  and  laboriouB, 
so  that  his  value  stood  unquestioned  and  classical  for  many  years. 

The  first  note  of  dissent  was  heard  in  1854,  when  Hansen,  in 
publishing  certain  researches  ui)ou  the  motion  of  the  moon,  an- 
nounced that  Encke's  parallax  was  certainly  too  small;  he  after- 
wards fixed  the  figure  at  8". 97,  but  the  correction  of  certain  numeri- 
cal errors  in  his  work  reduced  tliis  result  to  8". 92. 

Three  or  four  years  later  I-^verrier  found  a  value  of  8".05  from  the  so- 
calli'd  lunar  equation  of  the  sun's  motion ;  and  in  1862  Foucault,  from  a  new 
determination  of  the  velwity  of  light,  combined  with  the  constant  of  aber- 
ration, got  the  value  8". 86.  A  re-discussion  of  the  old  transit  of  Venus 
observations  was  then  made  by  Stone,  of  England,  who  de<luced  from  them 
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a  value  of  8".94:3.  The  value  of  8".95  was  adopted  by  the  British  Nautical 
Almanac,  and  used  in  it  until  the  issue  of  1882.  Tlie  corresponding  dis- 
tance of  91  i  millions  of  miles  found  its  way  into  numerous  text-books,  and, 
though  known  to  be  erroneous,  still  holds  its  place  in  some  of  them. 

In  1867  Newcomb  made  a  discussion  of  all  the  data  then  avail- 
able, and  obtained  the  value  8".848  (or  S".8b  practically),  which 
value  is  now  (1888)  used  in  all  the  Nautical  Almanacs  except  the 
French.  They  use  8'^86,  the  result  of  an  investigation  published  by 
Leverrier  in  1872. 

MS.  The  observations  of  Gill  on  the  planet  Mara  in  1877,  and 
the  new  determinations  of  the  velocity  of  light  by  Michelson  and 
Newcomb  in  this  country,  as  well  as  the  investigations  of  Nelson 
and  others  upon  the  so-called  ^^parallactic  inequality"  of  the  moon, 
all  point,  however,  to  a  somewhat  smaller  value.  Professor  New- 
comb says  (in  1885),  ^^  All  we  can  say  at  present  is  that  the  solar 
parallax  is  probably  between  8".  78  and  8".8d,  or  if  outside  these 
limits,  that  it  can  be  very  little  outside.*' 

It  is  not,  however,  thought  worth  while  to  change  the  constant  used  in 
the  almanacs  until  the  final  reduction  of  the  transits  of  1874  and  1882  has 
Wen  made,  and  until  certain  experiments  and  investigations  now  in  progress 
have  been  finished.  The  difference  between  8".80  and  8''.85  is  of  no  prac- 
tical account  for  almanac  purposes,  and  the  change  would  involve  alterations 
in  a  number  of  the  tables. 

Accepting  Clarke's  value  of  the  earth's  equatorial  radius  (Art.  145),  viz., 
<),;i7^^  206.4-  or  3063.3  miles,  we  find  that  a  solar  parallax  of 

s".73  correHiwnds  to  23,573  radii  of  the  earth  =  93.428000  miles. 
S'.SO  "  **  23,439     "       "    **       "     =92,897000 

8' .85  **  **  23,307     "      "    "       **     =92,372000      *' 

8".90  "  '*  23,196     "      **    ''       "     =91,852000      " 

669.    Methods  of  finding  the  Solar  Parallax  and  Distanoe.  —  We 

may  classify  them  as  follows  :  — 

I.    Ancient  Methods. 

(A)  Method  of  Aristarchus  [0]. 
(D)  Method  of  Hipparchus  [0]. 

11.  Geometrical  and  Trigonometrical  Methods,  in  which  we  attempt 
to  fmd  by  angular  measurements  the  parallax,  either  of  the  sun 
itself  or  of  one  of  the  nearer  planets. 
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(A)  The  direct  method  [0]. 

{B)  Observations  of  the  displacement  of  Mars  among  the  stars 
at  tlie  time  of  opposition. 

(a)  Declination  observations  from  two  or  more  stations  in  widely 
different  latitudes  made  with  meridian  circles  or  micrometer 
[25]. 

(6)  Observations  made  at  a  single  station  near  the  equator,  by 
measuring  the  distance  of  the  planet  east  or  west  from 
neighboring  stars,  using  the  heliometer  [90]. 

( C)  Declination  observations  of  Venus  [20] . 
(Z>)  Observations  of  one  of  the  nearer  asteroids  in  the  same 
way  as  Mars. 

(a)  Meridian  observations  at  two  stations  in  widely  different 
latitudes  [20]. 

(b)  Heliometer  observations  at  an  equatorial  station  [75] . 

(E)  Observations  of  the  transits  of  Venus  at  widely  separated 
stations. 

(a)  Observations  of  the  contacts. 

(1)  Halley's  method  — the  "method  of  durations"  [40]. 

(2)  Delisle's  method  —  observation  of  absolute  times  [50]. 

(h)  Heliometer  measurements  of  the  position  of  the  (^anet  on 
the  sun  [75] . 

(c)  Photographic  methods — various  [20  to  75]. 

III.  Gravitational  Methods. 

(A)  By  the  moon's  parallactic  inequality  [70]. 
{B)  By  the  lunar  equation  of  the  sun's  motion  [40]. 
(C)  By  the  i^erturbations  produced  by  the  earth  on  Venus  and 
Miirs  [70]  ;  (ultimately  [95]). 

IV.  By  the  Velocity  of  Light,  combined  with 

(.4)  The  light  equation  [80]. 

{B)  The  constant  of  aberrtitiou  [90]. 

The  figures  in  brackets  at  the  right  are  intended  to  express  roughly  the 
relative  value  of  the  diiferent  methods,  on  the  scale  of  100  for  a  method 
which  would  insure  absolute  accuracy. 

670.  Of  the  Ancient  Methods,  that  of  Aristarchns  is  so  ingenioas 
and  simple  that  it  really  deserved  to  be  successful.  When  the  moon 
is  exactly  at  the  half  phase,  the  angle  at  M  (Fig.  184)  must  be  just 
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90°,  and  the  angle  AEM  must  equal  M8E.    If,  then,  we  can  find 

how  much  shorter  the  arc  NM  (from  new  to  half  moon)  is  than  MF 

(from  half  moon  to  full),  half  the  difference  wiU  measure  AM^  and 

give  the  angle  at  S.    Aristarchus  concluded  that  the  first  quarter  of 

the  month  was  just  about  twelve  hours  shorter  than  the  second,  so 

that  AM  was  measured  by 

six  hours'  motion  of  the 

moon,  or  a  little  less  than 

4°.     Hence  he  found  SE^ 

the  distance  of  the  sun, 

to  be  about  nineteen  times 

EAf — a   value    absurdly  Fio.  184. 

wrong,  since  SE  is  in  fact      Arifltaivhat'  MeUwd  of  DetermlalDg  Um  Sob's  DIsUdo*. 

nearly  390  times  ^3f.  The 

real  difference  between  the  two  quarters  of  the  month  is  only  about 

half  an  hour,  instead  of  twelve  hours. 

The  difficulty  with  the  method  is  that,  owing  to  the  ragged  and 
broken  character  of  the  lunar  surface,  it  is  impossible  to  observe 
the  moment  of  half  moon  with  sufficient  accuracy. 

671 .  The  estimate  of  Hipparchujs  was  baaed  upon  the  erroneous  calcu- 
lation of  Aristarchus  that  the  sun's  distance  is  19  times  the  mooD's,  and  the 
solar  parallaZ)  therefore,  ^^  of  the  moon's  parallax. 

The  "  radius  of  the  earth's  shadow,"  where  the  moon  cuts  it  at  a  lunar 
eclipse,  is  given,  as  Hipparchus  knew,  by  the  formula  p=P+/>  — 5  (Art. 
372),  or  P-f /)  =  p+5.  Assuming  that  P=ldp,  we  have  20/)  =  p+5.  Now 
S,  the  sun's  semi-diameter,  is  about  15' ;  and  from  the  duration  of  lunar 
eclipses  Hipparchus  found  p  to  be  about  40';  hence  he  obtained  for  />,  the 
solar  piirallax,  a  value  a  little  less  than  3',  which,  as  has  been  already  men- 
tioned, was  accepted  by  Ptolemy,  and  by  succeeding  astronomers  for  more 
than  1500  years.     (Wolfs  "  History  of  Astronomy,"  p.  175.) 

672.  Of  the  Oeometrical  Methods,  A,  the  '' direct  method"  con- 
sists in  observing  the  sun's  apparent  declination  with  the  meridian 
circle  at  two  stations  widely  differing  in  latitude,  just  as  we  observe 
the  moon  when  finding  its  parallax  (Art.  239).  Theoretically, 
observations  of  this  sort  might  give  the  value  of  the  sun's  parallax 
within  y  or  so,  but  the  method  is  practically  worthless,  because 
the  errors  of  observation  are  large  as  compared  with  the  quantity 
to  be  determined.  The  sun's  limb  is  a  very  bad  object  to  point  on, 
and  besides,  its  heat  disturbs  the  adjustments  of  the  instrument,  thus 
rendering  the  observations  still  more  inaccorate. 
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673.  The  first  of  the  two  methods  of  observing  the  planet  Mars 
is  precisely  the  same  as  this  direct  method  of  observing  the  sun ; 
but  the  distance  of  Mars  at  a  ^'near  opposition"  is  only  a  little 
more  than  ^  that  of  the  sun,  so  that  any  error  of  observation 
affects  the  final  result  by  only  about  \  as  much;  and,  moreover, 
Mars  is  a  very  good  object  to  observe,  so  that  the  errors  of  observa* 
tion  themselves  are  much  lessened.  The  planet's  distance  from 
the  earth  having  been  found  in  astronomical  units  by  the  method 
of  Art.  515,  the  determination  of  its  distance  in  miles  will  fix  the 
value  of  this  unit,  and  so  give  us  directly  the  sun's  distance  and 
parallax. 

The  method  requires  two  observers  working  at  a  distance  from  each 
other  with  different  instruments,  which  is  a  serious  disadvantage. 

For  some  unexplained  reason,  observations  of  this  sort  seem  almost  inva- 
riably to  give  too  large  a  result  for  the  solar  parallax,  averaging  between 
8''. 90  and  8" .98.  The  red  color  of  the  planet  may  possibly  have  something 
to  do  with  this  by  affecting  the  astronomical  refraction.  This  method,  in 
1680,  was  the  first  to  give  a  reasonable  approximation  to  the  sun's  true 
distance,  as  has  been  mentioned  before. 

The  planet  Venus  can  be  observed  in  the  same  way,  and  has  been  once 
so  observed  by  Gillis,  1849-52,  at  Santiago,  Chili,  in  co-oi aeration  with  the 
Washington  observers,  but  the  result  was  not  very  satisfactory. 

674.  Heliometer  Observations  of  Mars  (Method  b).  —  It  is  pos- 
sible, however,  for  a  single  observer  to  obtain  better  results  than 
can  be  got  by  two  or  more  using  tlie  preceding  method.  Suppose 
that  the  orbitil  motion  of  Mars  is  suspended  for  a  while  at  oppo- 
sition,  and  that   the   planet   is   on   or   near  the   celestial   equator; 


Fig.  185.  —  Effect  of  I'lirallax  on  the  Right  Ascension  of  Mara. 

and  also  that  the  observer  is  at  a  station,  0,  on  the  earth's 
equator.  When  Mara  is  rising  at  M,j  Fig.  185,  the  horizontal 
parallax  OM,C  depresses  the  planet ;  that  is,  he  appears  from  0  to 
be  furtlier  east  than  he  would  if  seen  from  (7,  the  centre  of  the 
earth ;  so  that  the  parallax  then  increases  the  planet's  right  ascen- 
sion.     Twelve  hours  later,  when  he  is  setting,  the  parallax  will 
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throw  him  towards  the  west,  diminishing  his  right  ascension  by  the 
same  amount.  If,  then,  when  the  planet  is  rising,  we  measure  care- 
fully its  distance  west  of  a  star  /5,  which  is  supposed  to  be  just  east 
of  it  (the  distance  M^  in  Fig.  186),  and  then  measure  the  distance 
M^S  from  the  same  star  again  when  it  is  setting,  the  difference  will 
give  us  twice  the  horizontal  parallax.  The  earth's  rotation  will 
have  performed  for  the  observer  the  function  of  a  long  journey  in 
transporting  him  from  one  station  to  another  8000  miles  away  in  a 
straight  line. 

676.  '  Of  course  the  observations  are  not  practically  limited  to  the 
moment  when  the  planet  is  just  rising,  nor  is  it  necessary  that  the 
star  measured  from  should  be  exactly  east  or  west  of  the  planet. 
Measures  from  a  number  of  the 
neighboring  stars,  Si^  S^^  S^^  and 
S^  would  fix  the  positions  M^  and 
M^  with  more  accuracy  than  meas- 
ures from  S  alone.  Nor  will  the 
planet  stop  in  its  orbit  to  be  ob- 
served, nor  will  it  have  a  declina- 
tion of  zero,  nor  can  the  observer 
command  a  station  exactlv  on  the 
earth's  equator.  But  these  varia- 
tions from  the  ideal  conditions  do 
not  at  all  affect  the  principles  in- 
volved ;  they  simply  complicate  the 
calculations  slightly  without  com- 
promising its  accuracy. 

The  method  has  the  very  great 
advantage  that  all  the  observations 
are  made  by  one  person,  and  with 
one  instrument,  so  that,  as  far  as  can  be  seen,  all  errors  that  could 
afTect  the  result  are  very  thoroughly  eliminated. 


Mlcroroetric  Comparlaon  of  Mara  with  Neigb« 
boring  Sura. 


676.  The  mast  elaborate  determination  of  the  solar  parallax  yet  made 
by  this  method  is  that  of  Mr.  Gill,  who  was  sent  out  for  the  purpose  by  the 
Koyal  Astronomical  Society  in  1877  to  Ascension  Island  in  the  Atlantic 
Ocean.  His  result,  from  350  sets  of  measurements,  gives  a  solar  parallax 
of  8". 783  iO".()ir),  —  a  result  probably  very  close  to  the  truth,  though  pos- 
sibly a  little  small.  In  1802  and  1894  favorable  oppositions  of  Mars  will 
occur  again,  and  it  is  quite  likely  that  the  observations  will  be  repeated  on 
a  scale  even  more  extensive. 
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673.  The  first  of  the  two  methods  of  observing  the  planet  Mars 
is  precisely  the  same  as  this  direct  method  of  observing  the  sun; 
but  the  distance  of  Mars  at  a  ^^near  opposition"  is  only  a  littie 
more  than  ^  that  of  the  sun,  so  that  any  error  of  observation 
affects  the  final  result  by  only  about  ^  as  much;  and,  moreover, 
Mars  is  a  very  good  object  to  observe,  so  that  the  errors  of  observa- 
tion themselves  are  much  lessened.  The  planet's  distance  fW>iD 
the  earth  having  been  found  in  astronomical  units  by  the  method 
of  Art.  515,  the  determination  of  its  distance  in  miles  will  fix  the 
value  of  this  unit,  and  so  give  us  directly  the  sun's  distance  and 
parallax. 

The  method  requires  two  observers  working  at  a  distance  from  each 
other  with  different  instruments,  which  is  a  serious  disadvantage. 

For  some  unexplaine<l  reason,  observations  of  this  sort  seem  almost  inva- 
riably to  give  too  large  a  result  for  the  solar  parallax,  averaging  between 
8". 90  and  8".08.  The  red  color  of  the  planet  may  possibly  have  something 
to  do  with  this  by  affecting  the  astronomical  refraction.  This  method,  in 
1680,  was  the  first  to  give  a  reasonable  approximation  to  the  sun's  true 
distance,  as  has  been  mentioned  before. 

The  planet  Venus  can  be  observed  in  the  same  way,  and  has  been  once 
so  observed  by  Gillis,  1849-52,  at  Santiago,  Chili,  in  co-ojieration  with  the 
Washington  observers,  but  the  result  was  not  very  satisfactory. 

674.  Heliometer  Observations  of  Mars  (Method  b).  —  It  is  pes* 

sible,  however,  for  a  single  observer  to  obtain  better  results  than 
can  be  got  by  two  or  more  using  the  preceding  method.  Suppose 
that  the  orbital  motion  of  Mars  is  suspended  for  a  while  at  oppo- 
sition, and  that   the   planet   is   on   or   near  the   celestial  equator; 


Fio.  18.'>.  —  Effect  of  Tarullax  on  the  Right  Asccnpion  of  Mara. 

and  also  that  the  observer  is  at  a  station,  O,  on  the  earth's 
equator.  Wlien  Mars  is  rising  at  3/^,  Fig.  185,  the  horizontal 
parallax  OM,C  depresses  the  planet ;  that  is,  he  appears  from  0  to 
be  further  east  than  he  would  if  seen  from  (7,  the  centre  of  the 
earth ;  so  that  the  parallax  then  increases  the  planet's  right  ascen* 
sion.     Twelve   hours   later,  when   he   is   setting,  the  parallax  will 
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throw  him  towards  the  west,  diminishing  his  right  ascension  by  the 
same  amount.  If,  then,  when  the  planet  is  rising,  we  measure  care- 
fully its  distance  west  of  a  star  S^  which  is  supposed  to  be  just  east 
of  it  (the  distance  MJS  in  Fig.  186),  and  then  measure  the  distance 
M^S  from  the  same  star  again  when  it  is  setting,  the  difference  will 
give  us  twice  the  horizontal  parallax.  The  earth's  rotation  will 
have  performed  for  the  observer  the  function  of  a  long  journey  in 
transporting  him  from  one  station  to  another  8000  miles  away  in  a 
straight  line. 

675:  '  Of  course  the  observations  are  not  practically  limited  to  the 
moment  when  the  planet  is  just  rising,  nor  is  it  necessary  that  the 
star  measured  from  should  be  exactly  east  or  west  of  the  planet. 
Measures  from  a  number  of  the 
neighboring  stars,  S^  Sf,  S^^  and 
S4  would  fix  the  positions  3f«  and 
3/«  with  more  accuracy  than  meas- 
ures from  S  alone.  Nor  will  the 
planet  stop  in  its  orbit  to  be  ob- 
served, nor  will  it  have  a  declina- 
tion of  zero,  nor  can  the  observer 
command  a  station  exactlv  on  the 
earth's  equator.  But  these  varia- 
tions from  the  ideal  conditions  do 
not  at  all  aflfect  the  principles  in- 
volved ;  they  simply  complicate  the 
calculations  slightly  without  com- 
promising its  accuracy. 

The  method  has  the  very  great 
advantage  that  all  the  observations 
are  made  by  one  person,  and  with 
one  instrument,  so  that,  as  far  as  can  be  seen,  all  errors  that  could 
aflfect  the  result  are  very  thoroughly  eliminated. 


If Icrometric  Compaiisoii  of  Mara  with  Ncifb- 
boriof  Sura. 


676.  The  most  elaborate  determination  of  the  solar  parallax  yet  made 
by  this  metho<l  in  that  of  Mr.  Gill,  who  was  sent  out  for  the  purpose  by  the 
Koyal  Astronomical  Society  in  1877  to  Ascension  Island  in  the  Atlantic 
Ocean.  His  result,  from  350  sets  of  measurements,  gives  a  solar  parallax 
of  8".78.3  f  ()".Oir),  —  a  result  probably  very  close  to  the  truth,  though  pos- 
siMy  a  little  small,  lii  1802  and  1894  favorable  oppositions  of  Mars  will 
(Kcur  again,  and  it  is  quite  likely  that  the  observations  will  be  repeated  on 
a  scale  even  more  extensive. 
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Venus  cannot  be  observed  in  this  way,  since  either  her  rising  or  setting 
is  in  the  daytime,  when  the  small  stars  cannot  be  seen  near  her;  but  the 
nearer  asteroids  can  be  utilized  by  this  method.  As  they  are  more  distant, 
however,  than  Mars,  a  given  error  in  observation  produces  a  larger  final 
error  in  the  result. 

677.  Tho  Heliometer.  —  The  heliometer,  the  instrument  employed  in 
these  measures,  is  one  of  the  most  important  of  the  modern  instruments  of 
precision.  As  its  name  implies,  it  was  first  designed  to  measure  the  diameter 
of  the  sun,  but  it  is  now  used  to  measure  any  distance  ranging  from 
a  few  minutes  up  to  one  or  two  degrees,  which  it  does  with  the  same  aoeu- 
ra<;y  as  that  with  which  the  filar  micrometer  measures  distances  of  a  few 
seconds.  It  is  a  **  double  image  **  micrometer,  made  by  dividing  the  object- 
glass  of  a  telescoiHi  along  its  diameter,  as  shown 
in  Fig.  187.  The  two  halves  are  so  mounted  that 
they  can  slide  by  each  other  for  a  distance  of  three 
or  four  inches,  the  separation  of  the  centres  being 

---    accurately  measured  by  a  delicate  scale,  or  by  a 

micrometer  screw  operated  and  read  by  a  suitable 

arrangement  from  the  eye-end.     The  instrument 

is  mounted  equatorially  with  clock-work,  and  the 

tube  can  be  turned  in   its  cradle  so  as  to  make 

*      ®     ®     O*        *^*®  ^*"®  °^  division  of  the  lenses  lie  in  any  desired 

'*^'i     S.,     Si  tlirection.     When  the  ceiitres  of  the  two  halves  of 

¥iu.  187. —  The  iii'iiomet<fr.     the  object-glass  coincide,  the  whole  acts  as  a  single 

lens,  giving  but  one  image  of  each  object  or  star 
in  the  field  of  view.  As  soon  as  the  centres  are  separated,  each  half  of 
the  object-gLass  forms  its  own  image. 

To  measure  the  distance  from  Mars  to  a  star,  the  telescope  tube  is  turned 
so  that  the  lino  of  centres  points  in  the  right  direction,  and  then  the  semi- 
lenses  are  separated  until  one  of  the  two  images  of  the  star  comes  exactly  in 
tlie  centre  of  one  of  the  images  of  Mars ;  this  can  l)e  done  in  two  positions 
of  the  semi-lens  A  with  respect  to  iJ,  as  shown  by  the  figure.  We  may 
either  make  .S',  (the  image  of  the  star  formed  by  semi-lens  B  coincide  with 
3/,  formed  by  -1),  or  make  N-  ct)incide  with  M^  The  whole  distance  from 
1  to  2  then  measures  twice  the  distance  between  3/  and  S, 

678.  Transit  of  Venus  Observations.  —  At  the  time  when  Venus 
p.isscs  between  us  and  tho  sun,  her  distance  from  the  eartli  is  only 
Home  20,000000  of  miles,  so  that  her  horizontal  parallax  is  nearly 
four  times  ns  great  as  that  of  the  sua  itself.  At  this  time  her  appar- 
ent displacement  upon  the  sun's  disc,  due  to  a  change  of  the  observ- 
er's station  uiK)n  tho  earth,  is  tho  difference  between  her  own  parallax 
due  to  this  displacement,  and  that  of  the  sun  itself ;  and  this  differ- 
ence is  greater  than  tho  sun\s  i)arallax  nearly  in  the  ratio  of  8  to 
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1,  or,  more  exactly,  of  723  to  277.  The  object,  then,  of  the  observa- 
tions of  a  transit  is  to  obtain  in  some  way  a  measure  of  the  angular 
displacement  of  Venus  on  the  sun's  disc,  corresponding  to  the  known 
distance  between  the  observer's  stations  upon  the  earth. 

679.  Halley's  Method.  — The  method  proposed  by  Halley,  who  in 
1077  brought  to  notice  the  great  advantages  presented  by  a  transit  of 
Venus  for  determining  the  sun's  parallax,  was  as  follows :  Two  sta- 
tions are  chosen  upon  the  earth's  surface,  as  far  separated  in  latitude 
as  possible.  From  them  we  observe  the  duration  of  the  transit; 
tiiat  is,  the  interval  of  time  between  its  beginning  and  end,  both  of 
wliich  must  be  visible  at  both  stations.  If  the  clock  runs  correctly 
during  the  few  hours  during  which  the 
transit  lasts,  this  is  all  that  is  necessary. 
We  do  not  need  to  know  its  error  in 
reference  to  Greenwich  time,  nor  even  in 
respect  to  the  local  time,  except  roughly. 
This  was  a  great  advantage  of  the  method 
in  those  days,  before  the  era  of  chro- 
nometors,  when  the  determination  of  the 
longitude  of  a  place  was  a  very  diftlcult 
and  uncertain  operation.  The  observa- 
tion to  be  made  is  simply  to  note  the 
clock   time   at   which  ^'contact"  occurs, 

there  being  four  of  these  contacts,  —  two  exterior  and  two  internal, 
at  tlic  points  marked  1,  2,  3,  4,  in  Fig.  188.  Ilalley  depended 
mainly  on  the  two  internal  contacts,  which  he  supposed  could  be 
observed  with  an  error  not  exceeding  one  second  of  time. 

680.  Computation  of  the  Parallax.  —  Having  the  durations  of  the 
transits  at  the  two  stations,  and  knowing  the  hourly  angular  motion 
of  \'enus,  we  have  at  once  and  very  accurately  the  length  of  the  two 


Fi«.  188. 
I'ontacU  in  a  Trannil  of  Vcnu*. 


Fio.  m9.  -  lUIley't  Method. 


f 


(Earth) 


cliords  (leserihed  bv  Venus  upon  the  sun,  expressed  in  seconds  of 
.'lie.     We  also  know  the  sun*s  semi-diameter  in  seconds,  and  hence 
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in  the  triangles  (Fig.  189)  Sab  and  Sde^  we  can  compute  the  length 
(in  seconds  still)  of  Sb  and  Se,  the  difference  of  which,  &e,  is  the 
displacement  sought,  due  to  the  distance  between  the  stations  on  the 
earth.^  The  virtual  base  line  is,  of  course,  not  the  distance  between 
B  and  J^  as  a  straight  line,  because  that  line  is  not  perpendicular  to 
the  line  of  sight  from  the  earth  to  Venus,  nor  to  the  plane  of  the 
planet's  orbit,  but  the  true  value  to  be  used  is  easily  found.  Calling 
this  base  line  )3,  we  have 

r  being  the  radius  of  the  earth. 

The  rotation  of  the  earth,  of  course,  comes  in  to  shift  the  places 
of  E  and  B  during  the  transit,  but  this  can  easily  be  allowed  for. 

681.    The  Black  Drop.  —  Halley  expected,  as  has  been  said,  that 

it  would  be  possible  to  observe  the  instant  of  internal  contact  within 

--^^^^^^^^^^    a  single  second  of  time,  but  he  reckoned  witb- 

^^^^^^^^^^^H    out  his  host.     At  the  of   1761  and 

^^^^^^^^^^^    1769,  at  most  of   the   stations  the  planet  at 

^^B  the  time  of  internal  contact  showed  a  *'  liga- 

^^  ment "  or  "  black  drop,"  like  Fig.  190,  instead 

of  presenting  the  appearance  of  a  round  disc 

I I    neatly  touching  the  edge  of  the  sun  ;  and  the 

FiK.  iiH).— The  Hiack  Drop,    time  of  real  contact  was  thus  made  donbtiful 

by  10'  or  15'. 

This  "ligament"  dei)eii(ls  uixjn  the  fact  that  the  optical  edge  of  the 
image  of  a  bright  body  is  not,  aiul  in  the  nature  of  things  cannot  be,  abso- 
lutely sharp  in  the  eye  or  in  the  telescoi)e.  In  the  eye  itself  we  have 
irradiation.  In  the  telescoi>e  we  have  the  difficulty  that  even  in  a  perfect 
instrument  the  image  of  a  luminons  point  or  line  ha»  a  certain  width  (which 


^  In  order  that  the  method  may  be  practically  successful,  it  is  necessary  that 
the  transit  track  should  lie  near  the  edge  of  the  sun's  disc,  for  two  reasons.  It 
is  desirable  that  the  duration  should  not  be  more  than  three  or  four  hours, 
while  for  a  central  transit  it  lasts  eight  hours  (Art.  675).  MoreoYcr,  if  the  two 
chords  were  near  the  centre  of  the  disc,  any  small  error  in  the  length  of  either 
chord  would  produce  a  great  error  in  the  computed  distance  between  them. 
When  they  lie  as  in  the  figure  (which  has  been  the  case  in  all  recent  tnuwltt), 
the  reverse  is  true :  a  considerable  error  in  the  observed  length  of  one  of  the 
chords  affects  their  computed  distance  only  slightly. 
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with  a  given  magnifying  power  is  less  for  a  large  instrument).  Moreover 
a  telescope  is  usually  more  or  less  imperfect,  and  practically  adds  other 
defects  of  definition,  so  that  whenever  the  limbs  of  two  objects  approach 
each  other  in  the  field  of  view 
of  a  telescope  we  have  more  or 
less  distortion  due  to  the  over- 
lapping of  the  two  "i)enum- 
bras  of  iinj)erfect  definition," 
—  the  same  sort  of  effect  that 
is  obtained  by  putting  the 
thumb  and  finger  in  contact, 
holding  them  up  within  two 
or  tliree  inches  of  the  eye  and 
then  separating  them :  as  they 
separate,  a  "black  ligament" 
will  be  seen  between  them. 

With  modern  telescopes,  and 
by  great  care  in  preventing  the 
Hun*s  image  from  being  too 
bright,  so  as  to  diminish  irradi- 
ation in  the  eye  as  far  as  pos- 
sible, the  black  drop  was  re- 
duced to  reasonably  small  pro- 
]^M>rti<)ns  in  1874  and  1882,  and 

practice  beforehand  with  an  "  artificial  transit "  enabled  the  observer  in  some 
degree  to  allow  for  its  effect.  But  a  new  ditficulty  appeared,  from  which 
there  seems  to  be  absolutely  no  way  of  escape,  —  the  planeCs  atmosphere 
causes  it  to  he  surrounded  by  a  luminous  ring  as  it  enters  upon  the  sun's 
disc,  and  thus  renders  the  time  of  the  contact  uncertain  by  at  least  five 
or  six  seconds.  In  l>oth  the  transits  of  1874  and  1882,  differences  of  that 
liiuount  c'untinually  appeared  among  the  results  of  the  best  observers.  Fig. 
11)1  shows  the  appearances  due  to  this  cause  as  observed  by  Vogel  in  1882. 


Fio.  191.  —  Atroospbere  of  Veous  u  teen  durioR  a 
Traiult.    (VogeM882.) 


682.  Delisla*8  Method.  —  Halley's  method  reqaires  the  use  of  polar 
stations,  uncomfortable  and  hard  to  reach,  and  also  that  the  weather 
should  permit  the  observer  to  see  both  the  beginDiog  and  end  of  the 
transit. 

I)elisle*s  incthoil,  on  the  other  hand,  utilizes  two  stations  near  the 
equator^  taken  on  a  line  roughly  parallel  to  the  planet's  motion.  It 
requires  also  that  the  observers  should  know  their  longitude  accurately^ 
so  as  to  be  able  to  determine  the  Greenwich  time  at  any  moment; 
but  it  does  not  require  that  they  should  see  both  the  beginning  and 
end  of  tiie  transit;  observations  of  either  place  can  be  utilized  :  and 
tilb  JaliMMMtaiiMAiWl       Suppose,  then    (Fig.    192),   that  the 
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observer  W  on  one  side  of  the  earth  notes  the  moment  of  internal 
contact  in  Greenwich  time,  the  planet  then  being  at  Fi-  When  E 
notes  the  contact  (also  in  Greenwich  time)  the  planet  will  be  at  T^ 
and  the  angle  at  D  will  be  the  angular  diameter  of  the  earth  as  seen 


Fi«.  U»2.  —  I>eIUU'«  Method. 

from  D ;  j.e.,  simply  twice  the  sun* 8 parallax.  Now  the  angle  D  is  at 
once  determined  by  the  time  occupied  by  Venus  in  passing  from  Vi 
to  Fo,  since  in  584  days  (the  synodic  period)  she  moves  completely 
round  from  the  line  DW  to  the  same  line  again.  If  the  time  from 
Vi  to  Fi  were  twelve  minutes,  wo  should  find  the  angle  at  D  to  be 
about  18". 

683.  Heliometer  Observatioiu.  —  lustcad  of  observing  simply  the 
times  of  contact,  and  leaving  the  rest  of  the  transit  unutilized,  as  in 
the  two  preceding  metiiods,  it  is  possible  to  make  a  continuous  series 
of  measurements  of  the  distance  and  direction  of  the  planet  from  the 
nearest  point  of  the  sun's  limb.  These  measurements  are  best  made 
with  tlie  heliometer  (Art.  077),  and  give  the  means  of  determining 
the  planet's  apparent  position  upon  the  sun's  disc  at  an}'  moment 
with  extreme  precision.  Such  sets  of  measurements,  made  at  widely 
separated  stations,  will  thus  furnish  accurate  determinations  of  the 
ai)pariMit  displacement  of  the  planet  on  the  sun*s  disc,  corresponding 
to  known  distances  on  the  earth,  and  so  will  give  the  solar  parallax. 

During  the  transit  of  18S2  extensive  series  of  observations  of  this 
sort  were  made  by  the  German  parties,  two  of  which  were  in  the 
United  States,  —  one  at  Hartford,  Conn.,  and  the  other  at  San 
Antonio,  Texas.  The  results  have  not  yd  (August,  1888)  been 
published,  ])ut  they  will  soon  appear,  and  it  is  understooil  that  they 
are  considerablv  more  accordant  than  those  obtained  bv  any  other 
method  of  observation. 

684.  Photographic  Observations.  — The  heliometer  measurements 
cannot  be  made  very  rapidly.  Under  the  most  favorable  circum- 
stances a  complete  set  requires  at  least  fifteen  minutes,  so  that  the 
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whole  number  obtainable  during  the  seven  or  eight  hours  of  the 
tnmsit  is  quite  limited.  Photographs,  on  the  other  hand,  can  be 
made  with  great  rapidity  (if  necessary,  at  the  rate  of  two  a  minute), 
and  then  after  the  transit  we  can  measure  at  leisure  the  position  of 
the  planet  on  the  sun's  disc  as  shown  upon  the  plate.  At  first  sight 
this  method  appears  extremely  promising,  and  in  1874  great  reliance 
was  placed  upon  it.  Nearly  all  the  parties,  some  fifty  in  number, 
were  provided  with  elalx>rate  photographic  apparatus  of  various 
kinds.  On  the  whole,  however,  the  results,  upon  discussion,  appear 
to  be  no  more  acconlant  than  those  obtained  bv  other  methods,  so 
that  in  1M82  the  method  was  generally  abandoned,  and  used  only  by 
the  American  parties,  who  employed  an  apparatus  having  some 
peculiar  advantages  of  its  own. 

685.  English,  German,  and  French  Kethodi.  —  In  1874,  the  English 

parties  used  t^^lescopes  of  six  or  seven  inches  aperture,  and  magnified  the 
image  of  the  sun  formed  by  the  object-glass  by  a  combination  of  lenses 
applied  at  the  eye-end.  There  were  no  special  appliances  for  eliminating  the 
distortion  produced  by  the  enlarging  lenses,  nor  for  ascertaining  the  exact 
orientation  of  the  picture  (that  is,  the  direction  of  the  image  upon  the  plate 
with  reference  to  north  and  south),  nor  for  determining  its  scale. 

The  Ciernians  and  Russians  employed  a  nearly  similar  api>aratus,  but 
\vith  the  iiii)K>rtant  difference  that  at  the  princii^al  focus  of  the  object-glass 
they  inserted  a  plate  of  glass  ruled  with  stjuares.  These  squares  are  photo- 
graphed uix)n  the  image  of  the  sun,  and  furnish  a  very  satbfactory  means 
of  determining  the  scale  an<l  distortion,  if  any,  of  the  image.  The  object- 
ghv^ses  usi'd  by  the  Kiigli.sh  and  the  (termans  had  a  focal  length  of  seven 
or  eii^lit  feet.  The  French  employed  object-glasses  with  a  focal  length  of 
>onn'  foiirtct'U  feet,  the  telescope  being  horizontal,  while  the  rays  of  the  sun 
wt-n-  n'tlected  into  it  by  a  j»lane  mirror;  in.stead  of  glass  plates  they  used  the 
oM-faxhionrd  metallic  daguerreotyjMj  plates,  in  order  to  avoid  any  possible 
**  creeping  "  of  the  collodion  iilm»  which  was  feared  in  the  more  modern  wet- 
plate  i»r(H-ess.  The  French  plates  furnbh,  however,  no  accurate  orientation 
of  tlie  j>icture. 

686.  The  American  Apparatus.  —  The  Americans  used  a  similar  plan, 

witli  .some  intHlifications  and  additions.  The  telescope*  lenses  employed  were 
tivr  inches  in  diameter  and  forty  feet  in  focal  length,  so  that  the  image 
(iinctly  formed  niK>n  the  plate  was  about  4}  inches  in  diameter,  and  needed 
no  <Milar;;em«iit.  The  telescope  was  ]>laced  horizontal  and  in  the  meridian, 
it•^  exact  ijin'ction  beinij  <let«'rminable  bv  a  small  transit  instrument  which 
was  niniint^Ml  in  such  a  manner  that  it  could  l(K)k  into  the  photograph  tele- 
s(  np*-,  as  into  a  collimator,  when  the  reflector  was  removed.  The  reflector 
itself  wa  ;  a  plane  mirror  cf  uu.silvei'ed  i,\aik  driver,  by  clock-work.     Fij    1D3 


-^ 
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ahowB  the  arrangement  of  the  apparatus,  tn  front  of  &e  ^beAogatpbie 
plate,  anil  close  to  it,  vaa  mipported  a  glass  plate  ruled  with  aqtuuva  callad 
the  "  reticle  plate,"  and  in  the  narrow  space  between  this  and  the  pbotogiapfa 


Fio.  103.  —  American  Appiratui  tor  PbolofnphlDR  the  Tnull  ef  VaBU. 

plate  was  Bunpeiided  a  pluuib-line  of  fine  silver  wire,  the  image  of  which 
apjwaied  upon  the  plate,  aud  gave  the  means  of  determining  tiie  orientation 
of  the  im^e  with  extreme 
precision.  If  the  refleo- 
tor  were,  and  would  con- 
tinue to  be,  ptrfeedy  plaite 
through  the  whole  opera- 
tion, the  method  could 
not  fail  to  give  extremely 
accurate  results;  but  tlM 
measurements  and  disons- 
non  of  the  observationB 
seem  to  show  that  this 
mirror  was  actually  dis- 
torted to  a  considerable 
extent  by  the  rays  of  ttie 
sun.  On  the  whole  the 
American  plates  do  sot 
appear  Xa  be  much  raote 
trustworthy  than  those 
Fio.iM.-Pboiw.phof  T^ndtof  v™.,  obtained  by  other  metli- 

ods.  Fig.  IM  is  a  re- 
duced copy  of  one  of  the  photographs  made  at  Princeton  during  the  transit 
of  liiJUt?.    The  black  disc  near  the  middle,  with  a  bright  spot  in  the  centre, 
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ifl  the  image  of  a  metal  disc  cemented  to  the  reticle  to  mark  the  centre  lines 
of  the  reticle  plate ;  192  plates  were  taken  during  the  transit,  and  at  some  of 
the  stations  where  the  weather  was  good  the  number  was  much  greater — 
nearly  3()0  in  some  cases. 

The  difficulties  to  be  encountered  are  numerous.  Photographic  irradiation, 
or  the  spread  of  the  image  on  the  plate,  slight  distortion  of  the  image  by  the 
lenses  or  mirrors  employed,  irregularities  of  atmospheric  refraction,  uncer- 
tainty as  to  the  precise  scale  of  the  picture,  —  all  these  present  themselves 
ill  a  very  formidable  manner.  It  is  obvious  why  this  should  be  so,  when  we 
recall  that  on  a  four-inch  picture  of  the  sun's  disc,  tq^qo  of  an  inch  corre- 
si>onds  to  about  ^V  ^f  ^  second  of  arc,  and  the  whole  uncertainty  as  to  the 
solar  ])arallax  does  not  amount  to  as  much  as  that.  An  image  of  the  sun, 
therefore,  in  which  the  position  of  Venus  upon  the  sun's  disc  cannot  be 
determined  accurately  without  an  error  exceeding  y^Vvir  of  an  inch.  Is  of 
vj'iy  little  value.  Imperfections  that  would  be  of  no  account  whatever  in 
))lates  taken  for  any  other  purpose  make  them  practically  worthless  for 
this. 

Still  there  is  reason  to  hope  that  considering  the  enormous  number  of 
photographs  made  in  1874  and  1882  (certainly  not  less  than  5000  in  all), 
th(>  result  to  be  obtained  from  such  a  mass  of  material  will  prove  to  be 
worth  something. 

Oravitational  Methods.  —  These  nre  too  recondite  to  permit  any 
full  explauatiou  here.  We  can  only  indicate  briefly  the  principles 
involved. 

687.  (1)  The  first  of  these  methods  is  by  the  moon* 8  parallactic 
hie(jualitff^  an  irregularity  in  the  moon's  motion  which  has  received 
this  name,  because  by  means  of  it  the  sun's  parallax  can  be  deter- 
niiniMl.  It  depends  upon  the  fact  that  the  sun's  disturbing  action 
u[)<)n  the  moon  differs  sensibly  from  what  it  would  be  if  its  distance, 
instead  of  being  less  than  400  times  that  of  the  moon  fix>ra  the  earth, 
were  injinitebf  great. 

The  disturbing  action  upon  the  half  of  the  moon* 8  orbit  tchich  li€8 
nearest  the  sun  is  greater  than  on  the  op})osite  half  of  the  orbit.  The 
retarding  action  of  the  tangential  force,  therefore,  during  the  first 
cjuarter  after  new  moon,  is  perceptibly  greater  than  the  acceleration 
produced  during  the  second  quarter  (Art.  447),  so  that  at  the  first  and 
third  quarters  respectively,  the  moon  is  a  little  more  than  2'  behind 
and  ahead  of  the  place  she  would  occupy  if  the  tangential  forces  were 
e(iiial  in  all  four  quadrants  of  the  orbit  —  as  they  would  be  if  the  sun's 
distance  were  infinite.  This  puts  the  moon  about /owr  minute8  of  time 
h(  hindhaud  at  the  first  quarter,  and  as  much  ahead  at  the  third ;  and 
if  the  ventre  of  the  moon  could  be  observed  within  a  fraction  of  a  second 
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of  arc  (as  it  oould  if  she  were  a  mere  point  of  light  like  a  star),  the 
observations  would  give  a  very  accurate  determination  of  the  sun's 
distance.  The  irregularities  of  the  moon's  limb,  however,  and  the 
worse  fact,  that  at  the  firat  quarter  we  observe  the  western  limb,  while 
at  the  third  quarter  it  is  the  eastern  one  which  alone  is  observable, 
make  the  result  somewhat  uncertain,  though  the  method  certainly 
ranks  high. 

688.  (2)  The  ^^  lunar  equation  of  the  8un*s  motion  *'  is,  it  will  be  remem- 
bered, an  apparent  slight  monthly  displacement  of  the  sun,  amomiting  to 
about  6''.3,  and  due  to  the  fact  that  both  earth  and  moon  revolve  around  their 
common  centre  of  gravity.  It  is  generally  made  use  of  (Art.  243)  to  deter- 
mine the  mass  of  the  moon  as  compared  with  tliat  of  the  earth,  using  as  a 
datum  the  assumed  known  distance  of  the  sun ;  but  if  we  consider  the  mass 
of  the  moon  as  known  (determined  by  the  tides,  for  instance),  then  we  can 
find  the  sun's  parallax^  in  terms  of  the  lunar  equation. 

The  method  is  not  a  good  one,  since  the  solar  parallax,  S",^  is  greater 
than  the  quantity  by  means  of  which  it  is  determined. 

689.  (3)  The  third  method  {by  the  earth's  perturbations  of  Venus 
and  Mars)  is  one  of  the  most  important  of  the  whole  list.  It  de* 
pends  upon  the  principle  that  if  the  ma^s  of  the  earth,  as  oompared 
with  that  of  the  sun,  be  accurately  known,  then  the  distance  of  the 
sun  can  be  found  at  once.  The  reader  will  remember  that  in  Art. 
278  the  mass  of  the  sun  was  found  by  comparing  the  distance 
which  the  earth  falls  towards  the  sun  in  a  second  (as  measured  by 
the  curvature  of  her  orbit)  with  the  force  of  gravity  at  the  earth's 
surface ;  and  in  the  calculation  the  sun's  distance  enters  as  a  neces- 
sary datum.  Now,  if  we  know  independently  the  sun's  mass  eom^ 
pared  with  the  earth^s,  the  distance  becomes  the  only  unknown  quan- 
tity, and  can  be  found  from  the  other  data. 

In  the  same  way  as  in  Art.  530  we  have 

in  which  S  and  E  are  the  masses  of  the  sun  and  earth,  D  is  the  mean 

^  Putting  L  for  the  maximum  value  of  the  lunar  equation  (about  6".8  of  are), 
P  for  the  Sim's  parallax,  and  R  and  r  for  the  distance  of  the  moon  and  the  temi« 
diameter  of  the  earth  respectirely,  we  have  the  equation 
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distance  of  the  earth  from  the  sun,  and  T  the  number  of  seconds  in  a  year. 
Also  we  have  for  the  force  of  gravity  at  the  earth's  surface, 

<7  =  -^,     or     E  =  gr*, 
r* 

in  wliich  r  is  the  earth's  radius. 

Dividing  the  preceding  equation  by  this,  we  get 

c 
If  we  i>ut      -  M,  til  is  becomes 
'       E 


^=(^>7-v. 


In  this  equation  everything  in  the  second  term  is  known  when  we  have 
once  found  A/,  or  the  ratio  between  the  masses  of  the  sun  and  earth ;  g  is 
found  by  pendulum  observations  on  the  earth,  T  is  the  length  of  the  year 
in  seconds,  and  r  is  the  earth's  radius. 

Now,  the  disturbing  force  of  the  earth  upon  its  next  neighbors. 
Mars  and  Venus,  depends  directly  upon  its  mass  as  compared  with 
the  81111*3  mass,  and  the  ratio  of  the  masses  can  be  determined  when 
the  perturbations  have  been  accurately  ascertained ;  though  the  cal- 
culation is,  of  course,  anything  but  simple.  But  the  great  beauty  of 
the  method  lies  in  this,  that  as  time  goes  on,  and  the  effect  of  the 
earth  upou  the  revolution  of  the  nodes  and  apsides  of  the  neighbor- 
ing orbits  accumulates,  the  determination  of  the  earth* 8  mass  in  terms 
of  the  suns  becomes  continually  and  cumulatively  more  precise.  Even 
at  present  the  method  ranks  high  for  accuracy,  — so  high  that  Lever- 
rier,  who  first  developed  it,  would  have  nothing  to  do  with  the  transit 
of  Venus  observations  in  1874,  declaring  that  all  such  old-fashioned 
ways  of  getting  at  the  sun's  parallax  were  relatively  of  no  value. 
The  methoil  is  the  ''  method  of  the  future j**  and  two  or  three  hundred 
years  hence  will  have  superseded  all  the  others,  —  unless  indeed  it 
should  appear  that  bodies  at  present  unknown  are  interfering  with 
the  movements  of  our  neighboring  planets,  or  unless  it  should  turn 
out  that  the  law  of  gravitation  is  not  quite  so  simple  as  it  Lb  now 
supposed  to  be. 

690.  The  PhyBical  Kethod.  —The  physical,  or  '' photo-tachy-metri- 
ca/'*  iiiethoiK  as  it  has  been  dubbed,  depends  upon  the  fundamental 
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COMETS  :  THEIR  NUMBER,  MOTIONS,  AND  ORBITS.  —  THEIR  CON- 
STITUENT PARTS  AND  APPEARANCE.  —  THEIR  SPECTRA.  — 
THEIR  PHYSICAL  CONSTITUTION,   AND   ORIGIN. 

684.  From  time  to  time  bodies  of  a  very  different  character  from 
the  planets  make  their  appearance  in  the  heavens,  remain  visible 
for  some  weeks  or  months,  move  over  a  longer  or  shorter  path  among 
the  stars,  and  tlien  vanish.  Tliese  are  the  Comets,  or  ^^  hairy  starsy*' 
as  the  word  means,  since  the  appearance  of  such  as  are  blight 
enough  to  be  visible  to  the  naked  eye  is  that  of  a  star  surrounded 
by  a  hazy  cloud,  and  usually  carrying  with  it  a  streaming  trail  of 
light.  Some  of  them  have  l)een  magnificent  objects,  —  the  nucleus, 
or  central  star,  as  brilliant  as  Venus  and  visible  even  by  day,  whQe 
]  the  cloudy  head  was  nearly  as  large  as  the  sun  itself,  and  the  tail 

extended  from  the  horizon  to  the  zenith, — a  train  of  shining  sub- 
stances long  enough  to  reach  from  the  earth  to  the  sun.  The  major* 
ity  of  comets,  however,  are  faint,  and  visible  only  with  a  telescope. 

695.  SnperstitionB.  —  In  ancient  times  these  bodies  were  regarded 
with  great  alarm  and  avei'sion,  l>eing  considered  from  the  astrological  point 
of  view  as  always  oininons  of  evil.  Their  appearance  was  supposed  to 
presage  war,  or  pestilence,  or  the  death  of  princes.  These  notions  have 
sur\'ived  until  very  recent  times  with  more  or  less  vigor,  but,  it  is  hardly 
necessary  to  say.  without  the  least  reason.  The  most  careful  research  fails 
to  show  any  effect  upon  the  earth  produced  by  a  comet,  even  of  the  largest 
size.  There  is  no  obsi'rvul>le  change  of  temperature  or  of  any  meteoro- 
logical condition,  nor  any  effect  upon  vegetable  or  animal  life. 

696.  Number  of  Comets. — Thus  far  we  have  on  our  lists  about 
fi.'iO  different  comets.  About  400  of  these  were  recorded  previous  to 
1600,  before  the  invention  of  the  telescope,  and  must,  of  ooaree, 
have  l)een  bright  enough  to  attract  the  attention  of  the  naked  eye. 
Since  that  time  the  number  annually  observed  has  increased  very 
greatly,  for  only  a  few  of  these  bodies,  perhaps  one  in  ten,  are 
visible  without  telescopic  aid.  Their  total  number  must  be  enor- 
mous.     Not  un frequently   from  five  to  eight  are  discovered  in  a 
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single  year,  and  there  is  seldom  a  day  when  one  or  more  is  not  in 
sight. 

While  telescopic  comets,  however,  are  thus  nameroas,  brilliant 
ones  are  comparatively  rare.  Between  1500  and  1800  there  were, 
according  to  Newcomb,  79  visible  to  the  naked  eye,  or  about  one 
in  three  and  three-fourths  years.  Humboldt  enumerates  43  within 
the  same  period  as  conspicuous;  during  the  first  half  of  the  present 
century  there  were  9  such,  and  since  1850  there  have  been  11.  Since, 
and  including,  1880  we  have  had  7,  —  a  remarkable  number  for  so 
shoit  a  time,  —  and  two  of  them,  the  principal  comet  of  1881  and 
the  great  comet  of  1882,  were  unusually  fine  ones.  In  August,  1881, 
for  a  little  time  two  comets  were  conspicuously  visible  to  the  naked 
eye  at  once  and  near  together  in  the  sky,  a  thing  almost  if  not  quite 
nuprecedented. 

697.  Designation  of  Oomati. — The  more  remarkable  ones  gen- 
erally bear  the  name  of  their  discoverer,  or  of  some  astronomer  who 
made  imix>rtant  investigations  relating  to  them,  —  as  for  instance, 
Ilulley^s,  Kneke's,  and  Donati's  comets.  They  are  also  designated 
by  the  year  of  discovery,  with  a  Roman  number  indicating  the  order 
of  di»c'n^ry  in  the  year.  A  third  method  of  designation  is  by  year 
and  letter^  the  letters  denoting  the  order  in  which  the  comets  of  a 
given  year  puss  the  2>erihelion,  Thus  Donati*s  comet  was  both 
comet  F  and  comet  VI,  1858.  Comet  I  is,  however,  not  necessarily 
comet  A,  though  it  usually  is  so.  In  some  cases  the  comet  bears  the 
name  of  two  dincoverers.  Thus  the  Pons- Brooks  comet  of  1888  is 
a  comet  which  was  discovered  bv  Pons  in  1812,  and  at  its  return  in 
18H3  was  discovered  by  Brooks. 

098.  The  Discovery  of  Comets.  —  As  a  rule  these  bodies  are  first  seen 
by  comet-hunters,  who  make  a  business  of  searching  for  them.  For  such 
purposes  thoy  art*  usually  provided  with  a  telescope  known  as  a  ^comet- 
MH^kcr/*  having  an  aperture  of  from  four  to  six  inches,  with  an  eye-pieoe  of 
low  i>ower.  and  a  lar^e  field  of  view.  When  first  seen,  a  comet  is  usually 
a  men*  roundish  patch  of  faintly  lummous  cloud,  which,  if  really  a  comet, 
will  r«'vcal  its  true  character  within  an  hour  or  two  hv  its  motion.  Some 
ol>s<*r\'crs  have  found  a  great  number  of  these  bodies.  MesHier  discovered 
twelve  l»etween  1794  and  1708,  and  Pons  twenty-seven  between  1800  and 
1827 

699.  Duration  of  Visibility,  and  Brightness.  —The  time  during 
which  they  are  visible  differs  very  much.     The  great  comet  of  1811 
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684.  From  time  to  time  bodies  of  a  very  different  character  from 
the  planets  make  their  appearance  in  the  heavens,  remain  visible 
for  some  weeks  or  months,  move  over  a  longer  or  shorter  path  among 
the  stars,  and  then  vanish.  These  are  the  Comets,  or  ^^  luxiry  starsy" 
as  the  word  means,  since  the  appearance  of  such  as  are  bright 
enough  to  be  visible  to  the  naked  eye  is  that  of  a  star  surrounded 
by  a  liazy  cloud,  and  usually  carrying  with  it  a  streaming  trail  of 
light.  Some  of  them  have  been  magnificent  objects,  —  the  nucleus, 
or  central  star,  as  brilliant  as  Venus  and  visible  even  by  day,  while 
the  cloudy  head  was  nearly  as  large  as  the  sun  itself,  and  the  tail 
extended  from  the  horizon  to  the  zenith, — a  train  of  shining  sub- 
stances long  enough  to  reach  from  the  earth  to  the  sun.  The  major- 
ity of  comets,  however,  are  faint,  and  visible  only  with  a  telescope. 

698.  SnperstitionB. '— In  ancient  times  these  bodies  were  regarded 
with  great  alarm  and  aversion,  being  considered  from  the  astrological  point 
of  view  as  always  ominous  of  evil.  Their  appearance  was  supposed  to 
presage  war,  or  pestilence,  or  the  death  of  princes.  These  notions  have 
8ur\'ived  until  very  recent  times  with  more  or  less  vigor,  but,  it  is  hardly 
necessary  to  s<a\\  without  the  least  reason.  1'he  most  careful  research  fails 
to  show  any  effect  upon  the  earth  produced  by  a  comet,  even  of  the  largest 
size.  There  is  no  observable  change  of  temperature  or  of  any  meteoro- 
logical condition,  nor  any  effect  upon  vegetable  or  animal  life. 

696.  Number  of  Comets. — Thus  far  we  have  on  our  lists  about 
650  different  comets.  About  400  of  these  were  recorded  previous  to 
1600,  before  the  invention  of  the  telescope,  and  must,  of  oourse, 
have  been  bright  enough  to  attract  the  attention  of  the  naked  eye. 
Since  that  time  the  number  annually  observed  has  increased  very 
greatly,  for  only  a  few  of  these  bodies,  i)erhaps  one  in  ten,  are 
visible  without  telescopic  aid.  Their  total  number  must  be  enor- 
mous.     Not  unfrequently   from  five  to  eight  ai*e  discovered  in  a 
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single  year,  and  there  is  seldom  a  day  when  one  or  more  is  not  in 
sight. 

While  telescopic  comets,  however,  are  thus  numerous,  brilliant 
ones  are  comparatively  rare.  Between  1500  and  1800  there  were, 
according  to  Newcomb,  79  visible  to  the  naked  eye,  or  about  one 
in  three  and  three-fourths  years.  Humboldt  enumerates  43  within 
the  same  period  as  conspicuous;  during  the  first  half  of  the  present 
century  there  were  9  such,  and  since  1850  there  have  been  11.  Since, 
and  including,  1880  we  have  had  7,  —  a  remarkable  number  for  so 
short  a  time,  —  and  two  of  them,  the  principal  comet  of  1881  and 
the  great  comet  of  1882,  were  unusually  fine  ones.  In  August,  1881, 
for  a  little  time  two  comets  were  conspicuously  visible  to  the  naked 
eye  at  once  and  near  together  in  the  sky,  a  thing  almost  if  not  quite 
unprecedented. 

697.  Designation  of  Comets. — The  more  remarkable  ones  gen- 
erally bear  the  name  of  their  discoverer,  or  of  some  astronomer  who 
made  important  investigations  relating  to  them,  —  as  for  instance, 
Ilalley's,  Kiicke's,  and  Donati's  comets.  They  are  also  designated 
by  the  year  of  discovery,  with  a  Roman  number  indicating  the  order 
of  discovery  in  the  year.  A  third  method  of  designation  is  by  year 
and  letter,  the  lettera  denoting  the  onler  in  which  the  comets  of  a 
given  year  pass  the  iH'rihelion.  Thus  Donati's  comet  was  both 
comet  F  and  comet  VI,  1858.  Comet  I  is,  however,  not  necessarily 
comet  A,  though  it  usually  is  so.  In  some  cases  the  comet  bears  the 
name  of  two  discoverers.  Thus  the  Pons- Brooks  comet  of  1888  is 
a  coiiiet  which  was  discovered  bv  Pons  in  1812,  and  at  its  return  in 
1883  was  discovered  by  Brooks. 

898.  The  DiiCOTery  of  Comets.  —  As  a  role  these  bodies  are  first  seen 
by  comet-hunters,  who  make  a  business  of  searching  for  them.  For  snch 
purposes  they  are  usually  provided  with  a  telescope  known  as  a  '^  comet- 
seeker/'  having  an  aperture  of  from  four  to  six  inches,  with  an  eye-pieoe  of 
low  power^  and  a  large  field  of  view.  When  first  seen,  a  comet  is  usoallj 
:i  mere  roundish  patch  of  faintly  luminous  cloud,  which,  if  really  a  comet, 
will  r('V(>al  its  true  character  within  an  honr  or  two  bv  its  motion.  Some 
observers  have  found  a  great  number  of  these  bodies.  Messier  discovered 
twelve  between  1794  and  1798,  and  Pons  twenty-seven  between  1800  and 
1827 

699.  Duration  of  Visibility,  and  Brightnati.  —The  time  during 
which  they  are  visible  differs  very  much.     The  great  comet  of  1811 


396  COMETS. 

was  observed  for  seventeen  months,  the  longest  time  on  record.  The 
comet  of  18G1  was  observed  for  a  year,  and  the  great  comet  of  1882 
for  five  months.  In  some  cases,  when  a  comet  does  not  happen  to  be 
discovered  imtil  it  is  receding  from  the  sun,  it  is  seen  only  for  a  week 
or  two. 

As  to  their  brightness  they  also  differ  widely.  The  great  majority 
can  be  seen  only  with  a  telescope,  although  a  considerable  number 
reach  tlie  limit  of  naked-eye  vision  at  that  part  of  their  orbit  where 
they  are  most  favorably  situated.  A  few,  as  has  been  said  above, 
become  conspicuous;  and  a  very  feic,  perhaps  four  or  five  in  a 
century,  are  so  brilliant  that  they  can  be  seen  by  the  naked  eye 
in  full  sunlight,  as  was  the  case  with  the  great  comets  of  1843  and 
1882. 

700.  Their  Orbits.  —  The  ideas  of  the  ancients  as  to  the  motions  of 
these  bodies  were  very  vague.  Aristotle  and  his  school  believed  them  to  be 
nothing  but  earthly  exhalations  inflamed  in  the  upper  regions  of  the  air, 
and  therefore  meteorological  phenomena  rather  than  astronomicaL  Ptolemy 
accordingly  omits  all  notice  of  thcni  in  the  Almagest. 

Tycho  Hrahe  >vas  the  first  to  show  that  they  are  more  distant  than  the 
moon  by  comparing  observations  of  the  comet  of  1577  made  in  different 
parts  of  Euro[»e.  Its  position  among  the  stars  at  any  moment,  as  seen  from 
his  observatory  at  Uranienburg,  was  sensibly  the  same  as  that  observed  at 
Prague,  more  than  400  miles  to  the  south.  It  followed  that  its  distance 
must  be  much  greater  than  that  of  the  moon,  and  that  its  real  orbit  must  be 
of  enormous  size,  cutting  through  interplanetary  space  in  a  manner  abso- 
lutely incompatihlo  with  the  old  doctrhie  of  the  crystalline  spheres.  He 
supposed  the  path  to  be  circular,  however,  as  befitted  the  motion  of  a 
celestial  bod  v. 

Kepler  sup(>osed  that  comets  moved  in  straight  lines ;  and  he  seems  to 
have  been  half  disi>osed  to  consider  them  as  living  creatures,  travelling 
through  space  with  will  and  puri)<)se,  "like  fishes  in  the  sea." 

Ilevelius  first,  nearly  a  hundred  years  later,  suggested  that  the  orbits  are 
probably  paraholas,  and  his  pupil  Doerfel  proved  this  to  be  the  case  in  1681 
for  the  comet  of  that  year.  Tlie  theory  of  gravitation  had  now  appeared, 
and  Xewtoii  soon  worked  out  and  published  a  method  by  which  tlie  ele- 
ments of  a  comet's  orbit  can  be  determined  from  the  observations.  Imme- 
diately afterwards  Ilalley,  iisuig  this  method  and  computing  the  parabolic 
orbits  of  all  the  comets  for  which  he  could  find  the  needed  observations, 
ascertained  that  a  series  of  brilliant  comets  having  nearly  the  same  orbit 
had  api)eared  at  intervals  of  al>out  seventy-five  years.  lie  concluded  that 
these  were  different  apiwarances  of  one  and  the  same  comet,  the  orbit  not 
being  really  parabolic  but  elliptical,  and  he  predicted  its  return,  which 
actually  occurred  in  1759  —  the  first  of  "jn'ricMlic  comets.'' 
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701.  Detarmination  of  a  Comet'i  QrUt.  —  Strictly  speaking,  the 
orbit  of  a  comet  being  always  a  conic  section,  like  that  of  a  planet, 
requires  only  three  perfect  observations  for  its  determination ;  but  it 
seldom  hapi>ens  that  the  observations^  can  l)e  made  so  accurately 
as  to  enable  us  to  distinguish  an  orbit  truly  parabolic  from  one 
slightly  hyperbolic,  or  from  an  ellipse  of  long  period.  The  plane 
of  the  orbit  and  its  perihelion  distance^  can  be  made  out  with  reason- 


fys^-'"' 
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ul)lc  accuracy  from  such  observations  as  are  practically  obtainable^ 
but  the  eccentricity^  and  the  major  axis  with  its  corresponding  jpmod, 
can  seldom  be  determined  with  much  pi*ecisiou  from  the  data  obtained 
at  a  single  appearance  of  a  comet. 

The   reason   is   that  a   comet   is  visible  only  in  that  very  small 


>  Observations  fur  the  determination  of  a  comet's  place  are  usually  made  with 
an  (.>quatoriaI,  by  measuring  the  apparent  distance  between  the  comet  and  some 
neighboring  "comparison  star "  with  some  form  of  micrometer,  a«  indicated  in 
Art.  129.  If  ttie  star's  place  is  not  already  accurately  known,  it  is  afterwards 
specially  observed  with  the  meridian  circle  of  some  standard  ohtenratory :  this 
observation  of  comparison  stars  forms  quite  an  item  in  the  regular  work  of  such 
an  institution. 
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I>ortion  of  its  orbit  which  lies  near  the  earth  and  sun,  and,  as  the 
figure  shows  (Fig.  195),  in  this  portion  of  the  orbit,  the  long  ellipse, 
tlie  parabola,  and  the  hyperbola  almost  coincide.  Moreover,  from  the 
diffuse  nature  of  a  comet  it  is  not  possible  to  observe  it  with  the 
same  accuracy  as  a  planet. 

Comets  which  really  move  in  parabolas  or  hyperbolas  visit  the  sun 
but  once,  and  then  recede,  never  to  return  ;  while  those  that  move  ia 
ellipses  return  in  regular  periods,  unless  disturbed. 

It  will  be  understood,  that  in  a  catalogue  of  comets'  orbits,  those 
which  are  indicated  as  parabolic  are  not  strictly  so.  All  that  can  be 
said  is  that  during  the  time  while  the  comet  was  visible,  its  position 
did  not  deviate  from  the  parabola  given  by  an  amount  sensible  to 
observation.  The  chances  are  infinity  to  one  against  a  comet's 
moving  exactly  in  a  parabola,  since  the  least  retardation  of  its 
velocity  would  render  the  orbit  eUipticaU  and  the  least  acceleration^ 
hyperbolic^  according  to  the  principles  explained  in  Article  430. 

702.  Eelative  Numbers  of  Parabolic,  Elliptical,  and  Hyperbolio 
Comets.  —  The  orbits  of  about  270  comets  have  been  thus  far  com- 
puted. Of  this  number  about  200  are  sensibly  parabolic,  and  six 
appear  to  be  hyperbolic,  although  the  eccentricity  exceeds  unit^*  by 
so  small  a  quantity  as  to  leave  the  matter  somewhat  doubtful.  There 
are  also  a  number  of  comets  which,  according  to  the  best  computa- 
tions, appear  to  have  orbits  really  elliptical,  but  with  perioils  so  long 
that  their  elliptical  character  cannot  be  positively  asserted.  About 
fifty  have  orbits  which  are  certainh'  and  distinctly  oval ;  and  ticenty- 
aix  of  these  have  periods  which  are  less  than  one  hundred  years. 
Thirteen  of  these  periodic  comets  have  already  been  actually  observed 
at  more  than  one  n^turn. 

As  to  tho  rest  of  the  twenty-six,  some  of  them  are  exi)eeted  to  return 
again  within  a  few  years,  and  sonu'  of  them  liavo  been  lost,  —  either  in  the 
same  way  as  the  comet  of  Biela,  of  which  we  shall  soon  sjMjak,  or  by  having 
their  orbits  so  changed  by  jx^rturbations  that  they  no  longer  come  near 
enough  to  the  earth  to  be  observed.  Table  111.  of  the  Appendix  gives 
the  elements  of  th(»se  thirteen  comets  taken  from  the  "  Annuaire  du  Bureau 
des  Longitudes"  for  1888.  It  will  l>e  ol)serve<l  tliat  the  shortest  period 
is  that  of  Kncke's  comet,  which  is  only  three  and  one-half  years,  while  the 
period  of  Halley*s  comet  exceeds  seventy-six. 

There  are  three  comets  with  computed  jwriods  ranging  between 
and  eighty  years,  whose  returns  arc  looked  for  within  the  next  i<xttf 
There  is  also  one  comet  with  a  period  of  thirty-three  yvttt  whioh 
return  in  1809. 
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703.  Fig.  196  Bhonra  the  oibits  of  several  of  the  comets  of  short 
jieriod,  —  from  three  to  eiglit  years.  (It  would  cause  confusion  to 
ius'Tt  all  of  them.)  It  will  be  seen  that  in  every  case  the  comet's 
orbit  comes  very  nunr  to  the  orbit  of  Jupiter,  and  when  ihe  orbit 
crosses  that  of  Jiipiler.  one 

of  the  nodes  is  nlways  near 
the  {)l»cc  of  apimrvut  in- 
tort>cc'tiuii    (tlic   iio<1e  being 

mfirked  on  the  comet's  orbit  ^ 

by  a  short  iToss-linc).  If 
.lujiiter  wore  nl  that  ]K>int 

of  ita  orbit  at  the  time  when  ^ 

the  comet  was  passing,  the 
two  tiodies  would  really  Iw 
very  near  to  e.iih  other. 
Tlic  fact,  as  we  shall  see, 
is  a  very  siguifJcnnt  one, 
pointing  to  a  connection  be- 
tween these  IxMlies  and  the 
planet.  It  is  true  fur  all 
tliu   comets    w  I  lose    periods 

arc  less  than  ciglit  years  —  fiu,  iw.— Ofwitoi  sbonpfriad  c-oihu. 

for    those    not    inserted   in 

tlie  diagram  as  well  as  Ihose  that  are.  The  orbits  of  the  seventy-five- 
year  comets  arc  similarly  rv-lated  to  the  orbit  of  Neptune,  and  the 
tliiity-threc-ycar  comet  piisscs  very  close  to  the  orbit  of  Uranus. 

704.  Secognition  of  EUiptio  Cometo.  —  Modern  obsenationa  are 
so  much  more  accurate  tliau  tlioee  made  two  centuries  ago  that  it  is 
now  soincliiiics  i>ossible  to  determine  the  eccentricity  and  [wriod  of 
nti  elliptic  comet  by  menus  of  tlie  observations  made  at  a  single 
up|ieiirauce.  Stiil,  as  a  general  rule,  it  is  not  safe  to  pronounce  upon 
the  ellipticity  of  a  comet's  orbit  until  it  has  been  observed  at  least 
twice,  nor  always  then.  A  comet  possesses  no  '^pemonal  identity," 
so  U)  s|Mak,  by  which  it  can  Ik'  rec<^nized  merely  by  looking  at  it, — 
uo  ))ersonal  jieculiai-itics  like  those  of  the  planeta  Jupiter  and  Saturn. 
It  is  identiliablc  ouly  by  its  path. 

ttw  approximate  parabolic  elements  of  a  new  comet's  orbit  ban 
wa  examine  t  catalogue  of  preceding  comets  to  «ee  it  we 
iriiMl  maabk    t;  that  is,  which  have  nearly  the  aaine  incli- 
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nation  and  longitude  of  the  node  vith  the  same  perihelion  (fulanM  knd  p»ri- 
Itetion  longitude.  If  bo,  it  is  probable  that  we  have  to  do  with  the  Boma  comet 
in  both  cues.  But  it  ia  not  certain,  and  inrestigationa,  often  rerj  long  sod 
intricate,  miut  be  made  to  see  whether  an  elliptical  orbit  of  the  necesBuy 
period  can  be  reconciled  with  the  observations,  after  taking  into  ■coount 
the  perturbations  produced  by  planetary  action.  Tliese  peiturbationa  are 
extremely  troublesome  to  compute,  and  are  often  very  great,  since  the  comets 
not  unfrequently  pass  near  to  the  larger  planets.  In  some  such  caaes  the  orbit 
is  completely  altered.  Even  if  the  result  of  this  investigation  aj^an  to 
show  that  the  comets  are  probably  identical,  we  are  not  yet  absolutely  aafe 
ill  the  conclusion,  for  we  have  what  are  known  as  — 


700.  Cometary  Oronpa.  —  These  are  groups  of  comets  which  panae 
nearly  the  same  orbits,  following  along  one  after  another  at  a  greater 
or  smaller  interval,  its  if  tlicy  had  once  beeo  united,  or  had  come 
from  some  common  source.  The  existence  of  such  groups  was  first 
poioted  out  by  Hoek  of  Utrecht  in  1865.  The  most  remarkable 
group  of  this  sort  is  the  one  composed  of  the  great  comets  of  1668, 
1843,  1880,  and  1882,  and  there  is  some  reason  to  suspect  that  the 
little  comet  visible  od  the  picture  of  the  corona  of  the  EgyptJan 
eclipse  (Art.  328)  also  belongs  to  it.  The  bodies  of  this  group  have 
orbits  very  pccnliar  iu  their  extremely  small  i>ei'iLelion  distance  (they 
actually  go  within  half  a  million  miles  of  the  san'a  surface) ,  and  yet, 
although  their  elements  are  almost  identical,  they  cannot  possibly  all 
be  diScreut  appearances  of  one  and  the  same  comet. 

So  far  as  regards  the  comets  of  1G08  and  1843,  considered  alone,  thera 
is  nothing  absolutely  forbidding  the  idea  of  their  identity :  perturbations 
might  account  for  the  differences  between  their  two  orbits,  fiut  the  comete 
of  1880  and  1882  cannot  possibly  be  one  and  the  same;  tliey  were  both 
observed  for  a  considerable  time  and  accurnlely,  and  the  observatiooB  of 
both  are  absolutely  inconsistent  with  a  period  of  two  years  or  anything  like 
it.  In  fact,  for  the  comet  of  1882  all  of  tlie  different  computers  found 
periods  ranging  between  COO  and  900  yt-ars. 

There  are  about  half  a  doien  other  such  comet-groups  now  known. 

706.  Perihelioit  Distances.  — These  vary  greatly.  Eight  comets 
have  a  perihelion  distance  less  than  six  millions  of  miles;  about 
seventy-four  per  tent  of  all  that  have  been  observed  lie  within  the 
earth's  orbit ;  about  twenty-four  per  cent  lie  outside,  but  within  twice 

the  earth's  distance  from  the  sun  ;  and  six  comets  have  heei  "' ■" 

with  a  perihelion  distance  esceeding  that  limit. 


OBBIT   PLANES.  401 

A  single  one,  the  comet  of  1729,  had  a  perihelion  distance  exceeding  four 
a.stronomical  units,  — as  great  as  the  mean  distance  of  the  remoter  asteroids. 
It  must  have  been  an  enormous  comet  to  be  visible  from  such  a  distance. 
It  is  one  of  the  nix  hyperbolic  comets. 

Obviously,  however,  the  distribution  of  comets  as  determined  by  observa- 
tion, dei)en(ls  not  merely  on  the  existence  of  the  comets  themselves,  but  upon 
their  visibility  from  the  earth.  Those  comets  which  approach  near  the  orbit 
of  the  earth  have  the  best  chance  of  being  seen,  because  their  conspicuous- 
ness  increases  as  they  approach  us,  so  that  we  must  not  lay  too  much  stress 
on  the  apparent  crowding  of  the  perihelion  within  the  earth's  orbit. 

The  perihelia  are  not  distributed  equally  in  all  directions  from  the 
sun,  but  more  than  sixty  per  cent  are  within  45^  of  what  is  called 
'^  the  sun*8  way"  ;  i.e.,  the  line  ill  space  along  which  the  sun  is  travel- 
ling, carrying  with  it  its  attendant  systems. 

707.  Orbit  Planes.  — The  indincUiona  of  the  comets'  orbits  range 
all  the  way  from  0°  to  90**.  The  ascending  nodes  are  distributed  all 
around  the  ecliptic,  with  a  decided  tendency,  however,  to  cluster  in 
two  regions  having  a  longitude  of  about  80**  and  270**. 

708.  Direction  of  Hotion.  — With  the  single  exception  of  Hallcy*8 
comet,  the  elliptical  comets  which  have  periods  less  than  one  hundred 
years  all  move  in  the  direction  of  the  planets ;  and  the  same  is  true 
of  the  six  hyperbolic  comets.  Of  the  other  comets,  a  few  more 
move  retrograde  tliau  direct,  but  there  is  no  decided  preponderance 
one  way  or  the  other. 

709.  It  is  hardly  necessary  to  point  out  that  the  fact  that  the 
comets  move  for  the  most  part  in  parabolas,  and  that  the  planes  of 
their  orbits  have  no  evident  relation  to  the  plane  of  the  planetary 
motions,  tends  to  indicate  (though  it  falls  short  of  demonstrating) 
that  they  do  not  in  any  proper  sense  belong  to  the  solar  system 
itselfy  but  are  merely  visitors  from  interstellar  space.  They  oome 
towards  the  sun  with  almost  precisely  the  velocity  they  would  have 
if  they  liiul  simply  dropped  towards  it  from  an  infinite  distance,  and 
tliev  leave  it  with  a  velocitv  which,  if  no  force  but  the  sun's  attrac- 
tiuii  op(T:ites  upon  them,  will  carry  them  back  to  an  unlimited 
distance,  or  until  thev  encounter  the  attraction  of  some  otiier  sun. 
With  one  remarkable  exception,  their  motions  appear  to  be  just  what 
might  l)e  expected  of  |)onderable  masses  moving  in  empty  space 
under  the  law  of  gravitation. 
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710.  Acceleration  of  Eiicke*8  (Jomet.  —  The  one  exception  referred 
to  is  in  tiie  case  of  Eucke's  comet  which,  since  its  first  discoyer)'  iu 
the  last  century  (it  was  not,  however,  discovered  to  be  a  periodic 
comet  until  1819),  has  been  continually  quickening  its  speed  and 
shortening  its  period  at  the  rate  of  about  two  hours  and  a  half  in 
each  revolution ;  as  if  it  were  under  the  action  of  some  resistance 
to  its  motion.  No  perturbation  of  any  known  body  will  account  for 
such  an  acceleration,  and  thus  far  no  reasonable  explanation  has 
been  suggested  as  even  possible,  except  tlie  one  meutioned — the 
resistance  of  an  interplanetary  medium  which  retards  its  motion  just 
as  air  retards  a  rifle  bullet.  At  first  sight  it  seems  almost  paradoxi- 
cal that  a  resistance  should  accelerate  a  comet's  speed ;  but  referring 
to  Article  429  we  see  that  since  the  semi-major  axis  of  a  comet's  orbit 
is  given  by  the  equation 


any  diminution  of  V  will  also  diminish  a ;  and  it  can  be  shown  that 
this  reduction  in  the  size  of  the  orbit  will  be  followed  by  an  increase 
of  velocity  above  that  which  the  body  had  in  the  larger  orbit.  It  is 
accelerated  by  being  thus  allowed  to  drop  nearer  to  the  sun,  and 
gains  its  speed  in  moving  inwards  under  the  sun's  attraction. 

711.  Another  action  of  sucli  a  retarding  force  is  to  diminish  the  eccen- 
tricitv  of  the  body's  or}>it,  niakini::  it  more  nearly  circular.  If  the  action  were 
to  go  on  without  intermission,  the  result  would  l>e  a  spiral  path  winding  in- 
ward towards  the  sun,  upon  which  the  comet  would  ultimately  fall.  For  many 
y<Mrs  the  l)ehavior  of  Encke's  comet  was  quoted  as  an  absolute  demonstra- 
tion of  the  existence  of  the  "  luminiferous  ether."  Since,  however,  no  other 
cfmiets  show  any  such  action  (unless  perhaps  Winnecke's  *  comet  —  No.  5  in 
the  table  in  the  aj>jMMidix),  and  moreoyer,  since  according  to  the  investig^ 
tions  of  Von  Asten  and  Racklund  the  retardation  of  Encke's  comet  itself 
seems  suddenly  to  have  diminished  by  nearly  one-half  in  1808,  there  remains 
nnich  doubt  as  to  the  theory  of  a  resisting  medium.  It  looks  rather  more 
probable  that  this  acceleration  is  due  to  something  else  than  the  luminiferous 
ether  —  pM'haps  to  some  rej;i;larly  recurrinj^  encounter  of  the  comet  with  a 
cloud  of  metroric  matter.  The  fact  that  the  planets  show  no  such  effect  is 
not  sur[>rising,  since,  as  we  shall  see,  they  are  enormously  more  dense  than 
any  com(?t,  so  that  the  resistance  that  wonld  bring  a  comet  to  rest  within  a 


H)j>polzer.  in  IHi^),  found  that  according  to  his  computations  Winnecke'i 
comrt  WHS  accelerated  precisely  in  the  same  way  ns  Kncke's,  but  by  less  than  hmlf 
the  amount.  His  result,  however,  is  not  confirmed  by  the  recent  work  of  H&rdtl, 
who  fin<ls  no  acceleration  at  nil. 


PHYSICAL  CHAKACTBR18T1CS   OF  COMETS.  403 

single  year  wouhi  not  sensibly  affect  a  body  like  our  earth  in  centuries.  ITie 
**  resisting  medium,'*  if  it  existii  at  all,  must  have  much  less  retarding  power 
than  the  residual  gas  in  one  of  Crookes's  best  vacuum  tubes. 

712.  Physical  Characteriftics  of  Cometi.  —  The  orbits  of  these 
Inxlies  arc  now  thoroughly  understood,  and  their  motions  are  calcu« 
hible  with  as  much  accuracy  as  the  nature  of  the  observations  permit ; 
l>ut  we  find  in  their  physical  constitution  some  of  the  most  perplex- 
ing and  baffling  problems  in  the  whole  range  of  astronomy,  —  appar- 
ent paradoxes  which  as  yet  have  received  no  satisfactory  explanation. 
While  comets  arc  evidently  subject  to  gravitational  attraction,  as 
shown  by  their  orbits,  they  also  exhibit  evidence  of  being  acted  upon 
by  i)owerful  repulsive  forces  emanating  from  the  sun.  While  they 
shine,  in  part  at  least,  by  reflected  light,  they  are  also  certainly  self- 
InminoHs^  their  light  being  developed  in  a  way  not  yet  satisfactorily 
explained.  They  are  the  bulkiest  bodies  known,  in  some  cases 
thousands  of  times  larger  than  the  sun  or  stars ;  but  they  are  **  airy 
nothings/'  and  the  smallest  asteroid  probably  rivals  the  largest  of 
them  in  actual  mass. 

713.  Constituent  Parts  of  a  Comet.  —  (a)  The  essential  part  of  a 
toinet  —  that  which  is  always  present  and  gives  it  its  name  —  is  the 
coma  or  nebulosity,  a  hazy  cloud  of  faintly  shining  matter,  which 
is  usually  nearly  spherical  or  oval  in  shape,  though  not  always  so. 

(b)  Next  we  have  the  nucleusj  which,  however,  is  not  found  in  all 
comets,  but  commonly  makes  its  api>earance  as  the  comet  approaches 
the  sun.  It  is  a  ]>right,  more  or  less  star-like  iK>int  near  the  centre 
of  the  coma,  and  is  the  object  usually  |>ointed  on  in  determining  the 
eonut's  place  by  observation.  In  some  cases  the  nucleus  is  double 
or  even  multiple  ;  that  is,  instead  of  a  single  nucleus  there  may  be 
two  or  more  near  the  centre  of  a  comet.  Perhaps  three  comets  out  of 
four  i)resent  a  nucleus  during  some  portion  of  their  visibility. 

(<•)  The  tail  or  (ntiiij  is  a  streamer  of  light  which  ordinarily  ac- 
companii's  a  bright  c*omet,  and  i^  often  found  even  in  connection 
with  a  telescopic  comet.  As  the  comet  approaches  the  sun,  the  tail 
follows  it  much  as  the  smoke  and  steam  from  the  locomotive  trail  after 
it.  lUit  that  the  tail  does  not  really  consist  of  matter  simply  lejl 
hrldnd  in  that  wav,  is  obvious  from  the  fact  that  as  the  comet  recedes 
from  tlie  sun,  the  train  jtrt'ccdes  it  instead  of  following.  It  is  always 
(lirrrtnl  (tirmi  fnnn  the  sun,  though  its  precise  iK)sition  and  form  is  to 
some  extent  determinetl  bv  the  comet's  motion.  There  is  abundant 
evidence  that  it  is  a  material  substance  in  an  exceedingly  tenuous 
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heads  of  two  cometa  whicb  behaved  quite  diffei-entl;.  F^-  199  is 
the  head  of  Donati's  comet  as  seen  on  Oct.  A,  1858.  Thia  comet 
was  characterized  by  the  quiet,  orderly  rigor  of  its  action.  It  did 
very  little  that  was  anomalous  or  erratic,  but  behaved  in  all  iMpeoti 
with  perfect  propriety.  The  system  of  envelopes  in  the  head  o(  this 
comet  was  probably  the  most  symmetrica!  and  beantiAil  ever  seea. 
Fig.  200  is  from  a  drawing  by  Common  of  tiie  head  of  Tebbntt's 
comet  in  1881.  This  comet,  on  the  other  hand,  was  always  doing 
somethiDg  outri,  throwing  off  jets,  breaking  into  fragments,  and,  in 
fact,  continually  exhibit! i^  unexpected  phenomena. 

728.     Formation  of  the  Tail.  —  The  material  which  is  projected 

from  the  nucleus  of  the  comet,  as  if  repelled  by  it,  is  also  rtpetted 

by  the  sun,  and  driven  backward,  still  luminous,  to  f orm  the  trun.    (At 

least,  this  is  the  appearance.)     Fig. 

201  shows  the  manner Inirhiol)  tbe 

tail  is  thus  supposed  to  be  fbrmed.' 

The  researches  of  Bessel,  Norton* 

and   especially  the  late   iDveetiga>- 

tione  of  the  Russian  Bredichin,  have 

showu   that  this  theory — that  the 

tail  is  comjiosed  of  matter  repelled 

by  both  the  comet  and  the  sun  — 

not  only  accounts  for  the  phenomena 

in  a  general  way,  but  for  almost  all 

the   dtitails,  and  threes  mathemat- 

icully  with    the    observed    position 

,    „      .  ^  .,  ^  .,  and  magnitude  of  the  tail  on  ditTer- 

PonniUao  of  ■  Comei'a  Tall  by  Matter  ° 

cipellvd  from  itae  ll»d.  Cnt  UateS. 

The  repelled  jtarticlcs  are  still  subject  to  the  sun'B  gravitational  attraction, 
and  the  effective  forcn  acting  ui>on  theui  ia  therefore  the  difference  between 
the  gravitjitional  attraction  and  the  electrical  (?)  repulsion.  This  different 
may  or  may  not  be  in  favor  of  the  attniction,  hut  in  any  case,  the  son's 
attracting  force  is,  at  least,  lessened.     The  consequence  is  tliat  those  repelled 

'  Other  theories  of  comets'  taila  hare  been  presented,  and  hare  had  a  certain 
cnrrency,  —  theories  iccording  to  wliich  the  tail  is  a  mere  "  luminoiu  shadow  "  of 
the  comet,  ao  to  speak,  or  a  awarm  of  meteors.  But  all  these  theories  break 
down  in  tlie  details.  Thej  Tail  to  account  for  the  phenomena  of  jeti,  envelopes, 
etc,  in  the  head  of  the  cornel,  and  they  furnish  no  mathematical  delermiBatiaQ 
of  the  outliuea  and  curvature  of  the  tail. 
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714.  Dimeniions  of  Comets.  —  The  Tolume  of  a  comet  is  often 
enormous  —  sometimes  almost  beyond  conception,  if  the  tail  be  in- 
cluded in  the  estimate  of  bulk. 

As  a  general  rule  the  head  or  coma  of  a  telescopic  comet  is  from 
40,060  to  100,000  miles  in  diameter.  A  comet  less  than  10,000 
miles  in  diameter  is  very  unusual ;  in  fact,  such  a  comet  would  be 
almost  sure  to  escape  observation.  Many,  however,  are  much  larger 
than  100,000  miles.  The  head  of  the  comet  of  1811  at  one  time 
measured  nearly  1,200000  miles,  —  more  than  forty  per  cent  larger 
than  the  diameter  of  the  sun  itself.  The  comet  of  1680  had  a  head 
600,000  miles  across.  The  head  of  Donati's  comet  of  1858  was 
250,000  miles  in  diameter.  The  head  of  the  great  comet  of  1882 
was  not  so  bulky  as  many  others,  having  had  a  diameter  of  only 
150,000  miles;  but  its  tail  was  at  one  time  100,000000  miles  in 
length. 

716.    Contraction  of  a  Comet's  Head  as  it  approaches  the  Sun.  — It 

is  a  very  singular  fact  that  the  head  of  a  comet  continually  and  r^^- 
larly  changes  its  diameter  as  it  approaches  to  and  recedes  firom  the 
sun ;  and  what  is  more  singular  yet,  it  contracts  when  it  approaches 
the  sxai,  instead  of  expanding,  as  one  would  naturally  expect  it  to 
do  under  the  action  of  the  solar  heat.  No  satisfactory  explanation  is 
kuown.  Perhaps  the  one  suggested  by  Sir  John  Herschel  is  as 
plausible  as  any,  — that  the  change  is  optical  rather  than  real ;  that 
near  the  sun  a  part  of  the  cometary  matter  becomes  invisible,  having 
been  evaporated^  perhaps,  by  the  solar  heat,  just  as  a  cloud  of  fog 
might  be. 

The  change  is  especially  conspicuous  in  Encke's  comet.  When  this  body 
first  comes  into  sight,  at  a  distance  of  about  130,000000  miles  from  the 
sun,  it  has  a  diameter  of  nearly  300,000  miles.  When  it  is  near  the  peri- 
helion,  at  a  distance  from  the  sun  of  only  33,000000  miles,  its  diameter 
shrinks  to  12,000  or  14,000  miles,  the  volume  then  being  less  than  nr ^  of 
what  it  was  when  first  seen.  As  it  recedes  it  expands,  and  resumes  its 
original  dimensions.  Other  comets  show  a  similar,  but  usually  less  strik- 
ing, change. 

716.  Dimensions  of  the  Vnclens.  — This  has  a  diameter  ranging  in 
different  comets  from  6000  or  8000  miles  in  diameter  (Comet  III, 
1^45)  to  a  mere  \K>\\\i  not  exceeding  100  miles.  Like  the  head.  It 
also  undergoes  considerable  and  rapid  changes  in  diameter,  though  its 
changes  do  not  appear  to  depend  in  any  regular  way  upon  the  comet's 


406  COMETS. 

distance  from  the  sun,  but  rather  upon  its  activity  at  the  time.    They 
are  usually  associated  with  the  development  of  jets  and  envelopes. 

717.  Dimensions  of  a  Comet's  Tail.  —  The  tail  of  a  large  comet,  as 
regards  simple  magnitude,  is  by  far  its  most  imposing  feature.  -The 
length  is  seldom  less  than  10,000000  to  15,000000  miles ;  it  frequently 
reaches  from  30,000000  to  50,000000,  and  in  several  cases  has  been 
known  to  exceed  100,000000.  It  is  usually  more  or  less  f  an-shaped,  so 
that  at  the  outer  extremity  it  is  millions  of  miles  across,  being  shaped 
roughly  like  a  cone  projecting  behind  the  comet  from  the  sun,  and  more 
or  less  bent  like  a  horn.  The  volume  of  such  a  train  as  that  of  the 
comet  of  1882, 100,000000  miles  in  length,  and  some  200,000  miles  in 
diameter  at  the  comef  s  head,  with  a  diameter  of  10,000000  at  its  ex- 
tremity, exceeds  the  bulk  of  the  sun  itself  by  more  than  8000  times. 

718.  The  Mass  of  Comets.  —  While  the  volume  of  comets  is 
enormous,  their  masses  appear  to  be  insignificant.  Our  knowledge 
in  this  respect  is,  however,  thus  far  entirely  negative;  that  is,  while  in 
many  cases  we  are  able  to  say  |x>sitivcly  that  the  mass  of  a  particular 
comet  cannot  have  exceeded  a  limit  which  can  be  named,  we  have 
never  been  able  to  fix  a  lower  limit  wiiich  we  know  it  must  have 
reached  ;  it  has  in  no  case  been  possible  to  perceive  any  action  what- 
ever produced  by  a  comet  on  the  earth  or  any  other  body  of  the 
planetary  system,  from  which  we  can  deduce  its  mass ;  and  this, 
although  they  have  frequently  come  so  near  the  eaith  and  other 
planets  that  their  own  orbits  have  been  entirely  transformed,  and  if 
their  masses  had  been  as  much  as  xxnrVrnr  ^^  ^^^  earth's,  they  would 
have  produced  very  appreciable  effects  upon  the  motion  of  the  planet 
which  disturbed  them. 

Lexell's  comet  of  1770,  Biela's  comet  on  more  than  one  occasion,  and  sev- 
eral others,  have  como  so  near  the  earth  that  tbe  length  of  their  periods  of 
revolution  liavc  been  changed  by  the  earth's  attraction  to  the  extent  of 
several  weeks,  but  in  no  instance  has  the  length  of  tlie  year  been  altered 
by  a  single  second.  One  might  be  tempted  to  think  that  comets  were  pos- 
sessed of  matter  without  attracting  power ;  but  attraction  is  always  mutwdf 
and  since  the  comets  move  according  to  the  law  of  gravitation,  and  them* 
selves  suffer  perturbation  from  attraction,  there  is  no  escape  from  the  con* 
elusion  that,  enormous  as  they  are  in  volume,  they  contain  very  little  matter. 
Some  have  gone  so  far  as  to  say  that  a  comet  properly  packed  could  be  car* 
ried  about  in  a  hat-box  or  a  man*s  pocket,  which,  of  course,  is  an  extravagant 
assertion.  The  probability  is  that  the  total  amount  of  matter  in  a  comet  of 
any  size,  though  very  small  as  compared  with  its  bulk,  is  yet  to  be  estimated 
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at  many  millionB  of  tons.  The  earth's  mass  (Art  132, 4)  is  expressed  in  tons 
by  6  with  twenty-one  ciphers  following  (6000  millions,  of  millions,  of  millions 
of  tons).  A  body,  therefore,  weighing  only  one-millionth  as  much  as  the 
earth  would  contain  6000  millions  of  millions  of  tons.  The  atmosphere  of 
the  earth  alone  constitutes  about  y^^irv  of  the  earth's  mass,  and  contains 
more  than  twenty-four  millions  of  millions  of  tons. 

719.  The  late  Professor  Peirce  based  his  estimate  of  a  comet's 
mass  upon  the  extent  of  the  nebulous  envelope  which  it  carries  with 
it,  assuming  (what  may  be  doubted,  however)  that  this  envelope  is 
gaseous,  and  is  held  in  equilibrium  by  the  attraction  of  solid  matter  in 
and  near  the  nucleus  ;  and  on  this  assumption  he  came  to  the  conclusion 
that  the  matter  in  and  near  the  nucleus  of  an  average  comet  must  be 
equivalent  in  mass  to  an  iron  ball  as  much  as  100  miles  in  diameter. 
This  would  be  about  ^ji^-^^jsis  ^^  ^^^^  earth's  mass.  While  this  esti- 
mate is  not  intrinsically  improbable,  it  cannot,  however,  be  relied 
upon.  We  simply  do  not  know  anything  about  a  comet's  mass,  ex- 
cept that  it  is  exceedingly  small  as  compared  with  that  of  the  earth. 

720.  Density.  —  This  must  necessarily  be  almost  inconceivabl}' 
small.  If  a  comet  40,000  miles  in  diameter  has  a  mass  equal  to  2$^99i^ 
of  the  earth's  mass,  its  mean  density  is  a  little  less  than  j^jg  of  that 
of  the  air  at  the  earth's  surface, — much  lower  than  that  of  the  l)est  air- 
pump  vacuum.  Near  the  ceutre  of  the  comet  the  density  would  proba- 
bly be  greater  than  the  mean  ;  but  near  its  exterior  very  much  less.  As 
for  the  density  of  its  tail,  when  such  a  comet  has  one,  that,  of  course, 
must  l)c  far  lower  yet,  and  much  below  the  density  of  the  residual  gas 
left  in  the  best  vacuum  we  can  make  by  any  means  known  to  science. 

riiis  estimate  of  the  density  of  a  comet  is  borne  out  by  the  fact 
that  small  stars  can  be  seen  through  the  head  of  a  comet  100,000 
miles  iu  diameter,  and  even  very  near  its  nucleus,  with  hardly  any 
perceptible  diminution  of  their  lustre.  In  such  cases  the  writer  has 
noticed  that  the  image  of  a  star  is  rendered  a  little  indistinct ;  and 
recent  observations  of  several  astronomers  have  shown  a  very  small 
apparent  displacement  of  the  star,  such  as  might  be  ascribed  to  a 
slight  refraction  produced  by  the  gaseous  matter  of  the  comet. 

Students  often  find  difficulty  in  conceiving  how  bodies  of  so  infinitesimal 
density  as  comets  can  move  in  orbits  like  solid  masses,  and  with  such 
enormous  velocities.  They  forget  that  in  a  vacuum  a  feather  falls  as  freely 
and  as  swiftly  as  a  stone.  Interplanetary  space  is  a  vacuum  far  more  pei^ 
feet  than  any  air-pump  could  produce,  and  in  it  the  rarest  and  most  tenuous 
bodies  move  as  freely  as  the  densest. 


408  OOMBT8. 

721.  The  reader,  however,  must  bear  in  mind  tliat,  although  tba 
mean  density  of  a  comet  (that  is,  the  quantitj'  of  matter  in  a  cubic 
mile)  is  Hmall,  the  density  of  the  constituent  partidea  of  a  comet  need 
not  necessarily  be  so.  The  comet  may  be  composed  of  small,  heavy 
bodies,  widely  separated,  and  there  is  some  reason  for  thiDking  that  this 
is  the  case ;  that,  in  fact,  the  head  of  a  comet  is  a  swarm  of  meteoric 
stones ;  though  whether  these  stones  are  many  feet  in  diameter,  or  only 
a  few  inches,  or  only  a  few  thousaudtfas  of  an  iuch,  like  particles  of 
dust,  no  one  can  say.  lu  fact,  it  now  seems  quite  likely  that  the 
greatest  |>ortion  of  a  comet's  mass  is  made  up  of  such  particles  of 
solid  matter,  carrying  with  them  a  certain  quantity  of  enveloping  gas. 

722.  Light  of  Comets.  — There  has  been  much  discussion  whether 
these  bodies  shine  by  light  reflected  or  intrinsic.  The  fact  that  they, 
become  less  brilliant  as  tliey  recede  from  the  sun,  and  finally  dis- 
appear  wliile  tliey  are  in  full  sight  simply  on  account  of  faintnew,' 
and  not  by  becoming  too  small  to  be  seen,  shows  that  their  light  is  Id 
some  way  derived  from  the  sun.  The  further  fact  that  the  light 
shows  traces  of  iiolnrlzation  also  indicates  the  presence  of  reflected 
sunlight.  But  while  the  light  of  a  comet  is  thus  in  some  way  attriba- 
table  to  the  sun's  action,  tiic  spectroscope  shows  that  it  does  Dot 
consist,  to  nny  considerable  extent,  of  mere  reflected  sunlight,  like 
that  of  the  moon  or  a  plnmt. 

723.  If  B.  conx't  nhnnc  by  mere  reflected  light,  or  by  any  light  the 
intensity  of  which  ia  proportional  inversely  to  the  square  of  the  sun's 
distance  (as  would  naturally  bn  the  case  if  the  light  were  excited  directly 
by  the  Bun'a  radiation,  and  proporlionul  to  it),  we  shonld  have  its  apparent 
brightness  at  any  time  equal  to  the  quantity  .  in  which  D  and  A  are 
the  comet's  distances  from  the  sun  and  from  the  earth  respectively.  The 
brightness  of  a  coiiii't  docs,  in  fact,  generally  follow  this  law  roughly,  but 
with  many  and  striking  exceptions.  The  light  of  a  comet  often  oorjcf 
greatly  anil  almost  eojirieiouslg,  shining  out  for  a  few  hours  with  a  splendor 
seven  or  right  fold  multiplii'd,  anil  then  falling  back  to  the  normal  state  or 
even  li(.'h)w  it.  The  Fous-Brooks  comet  in  1883  furnished  several  remark- 
able instances  of  thin  sort  (Cltrke,  p.  418). 

724.  The  Spectra  of  Comets. — The  B)>ectmm  of  moat  comets 
consiste  of  a  more  or  less  faint  continuous  spectrum  (which  may  be 

I  It  a  comet  ihonc  with  it*  own  independent  lifcLt,  like  ■  itar  or  a  nebola, 
then,  so  long  aa  it  continued  to  thou  a  diic  of  lensiblc  diameter,  the  iMrvuie 
lyrigktneii  of  tlili  dlac  would  remain  unclianged :  it  would  only  grow  imalitr  as  U 
receded  from  the  cartli,  not/umrcr. 
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due  to  reflected  sunlight,  though  it  is  usually  too  faint  to  show  the 
Frauuhofer  lines)  overlaid  by  three  bright  bands,  —  one  in  the  yellow, 
one  in  the  green,  and  the  third  in  the  blue.  These  bands  are  sharply 
defined  on  the  lower,  or  less  refrangible,  edge,  and  fade  out  towards 
the  blue  end  of  the  spectrum.  A  fourth  band  is  sometimes  visible 
in  the  violet.  The  green  band,  which  is  much  the  brightest  of  the 
three,  in  some  cases  is  crossed  by  a  number  of  fine,  bright  lines,  and 
there  are  traces  of  similar  lines  in  the  yellow  and  blue  bands.  This 
spectrum  is  absolutely  identical  with  that  given  by  the  Hue  base  of  an 
ordinm-y  gas  or  candle  flame;  or  better,  by  the  blue  flame  of  a  Bun- 
sen  burner  consuming  ordinary  illuminating  gas.  Almost  beyond 
question  it  indicates  the  presence  in  the  comet  of  some  gaseous  hydro- 
carbon^ which  in  some  way  is  made  to  shine;  either  by  a  general 
heating  of  the  whole  bod)*  to  the  i)oint  of  luminosity  (which  is  hardly 
probable) ,  or  by  electric  discharges  within  it,  or  by  local  beatings  due 
to  collisions  between  the  solid  masses  disseminated  through  the  gas- 
eous envelope ;  or  possibly  to  phosphorescence  due  to  the  action  of 
sunlight !  or  none  of  these  surmises  may  be  correct,  and  we  may 
have  to  seek  some  other  explanation  not  yet  suggested. 

It  is  not  at  all  certain  that  the  temperature  of  the  comet,  considered 
as  a  whole,  is  very  much  elevated.  Nor  will  it  do  to  suppose  that 
because  the  spectrum  reveals  the  presence  in  the  comet  of  gaseous 
hydrocarbon,  this  substance,  therefore,  comix)se8  the  greater  part  of 
tlie  comet's  mass.  The  probability  is  that  the  gaseous  portion  of  the 
comet  is  only  a  small  percentage  of  the  whole  quantity  of  matter 
contained  in  it. 

725.  Metallic  Lines  in  Speotmm. — When  a  comet  approaches 
very  near  to  the  sun,  as  did  Wells's  comet  in  1882,  and  a  few  weeks 
lutor  the  great  comet  of  that  year,  the  spectrum  shows  bright  metal- 
lic linos  in  addition  to  the  hydrocarbon  bands.  The  lines  of  sodium 
and  magnesium  are  most  easily  and  certainly  recognizable.  As  for 
tiie  other  lines — a  multitude  of  which  were  seen  by  Ricco  (of  Palermo) 
for  a  few  hours,  in  the  spectrum  of  the  great  comet  of  1882  —  they 
are  probably  due  to  iron ;  though  that  is  not  certain,  for  they  were 
not  seen  long  enough  to  be  studied  thoroughly. 

726.  Anomalous  Spectra.  —  While  most  comets  show  the  hydro- 
carlmn  spectrum,  occasionally  a  different  spectrum  of  bands  appears. 
Fig.  198  shows  the  spectra  of  three  comets  compared  with  the  solar 
spectrum  and  with  that  of  hydrocarbon  gas. 
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hinted  at  repeatedly,  —  that  a  comet  is,  as  Professor  Newton  ex- 
presses it,  nothing  but  a  ^^  sand-bank  ";  i.e.,  a  swarm  of  solid  parti- 
cles of  unknown  size  and  widely  separated  (say  pin-heads  several 
hundred  feet  apart),  each  particle  carrying  with  it  an  envelope  of 
gas,  largely  hydrocarbon,  in  which  gas  light  is  produced,  either  by 
electric  discharges  between  the  particles,  or  by  some  other  light- 
evolving  action  ^  due  to  the  sun's  influence. 

This  hypothesis  derives  its  chief  plausibility  from  the  modem  dis- 
covery of  the  close  relationship  between  meteors  and  comets,  to  be 
discussed  in  the  next  chapter. 

738.  Origin  of  Periodic  Comets. — It  is  obvious  that  the  comets 
which  move  in  parabolic  orbits  are,  as  has  been  said  already,  mere 
visitors  to  the  solar  system,  and  not  citizens  of  it :  but  as  to  those 
which  now  move  in  elliptical  orbits  around  the  sun,  returning  as 
regularly  as  planets,  it  is  a  question*  whether  we  are  to  regard  tliem 
as  native-born^  or  only  as  naturalized.  Did  they  originate  in  the 
system,  or  are  they  captives? 

739.  Planets'  Families  of  Comets.  —  It  is  quite  clear  that  in  some 
way  or  other  many  of  them  owe  their  present  status  in  the  system  to 
Jupiter,  Saturn,  and  the  other  planets.  In  Article  703  we  called  atten- 
tion to  the  fact  that,  without  exception,  all  the  short-period  comets 
(i.e.,  those  having  periods  ranging  from  three  to  eight  years),  pass 
very  near  to  Jupiter's  orbit  at  some  point  in  their  paths ;  and  they 
are  now  recognized  and  spoken  of  as  Jupiter's  family  of  comets,  — 
sixteen  of  them  in  all,  at  present  known. 

Nine  of  the  sixteen  are  iii  the  table  of  comets  whose  returns  have  been 
actually  observed  more  than  once.  One  of  the  others  was  LexelKs  comet, 
which  was  removed  from  the  range  of  observation  by  being  thrown  into  a 
new  and  larger  orbit  by  Jupiter  in  1779  ;  and  two  are  comparatively  recent 
discoveries,  whose  returns  are  soon  expected.     'J'he  other  four  have  failed  to 


^  Some  have  ascribed  tlie  light  to  the  collisions  between  the  little  stones  of 
which  they  assume  the  comet  to  be  made  up,  forgetting  that,  although  the  ab90» 
lute  velocity  of  the  comet  is  extremely  great,  the  relative  velocities  of  its  con- 
stituent masses  with  reference  to  each  other  must  be  very  slight  —  far  too  imaU 
apparently  to  account  for  any  considerable  rise  of  temperature  or  evolution  of 
light  in  that  way.  It  is  perhaps  worth  coniidering  whether  gases  in  the  mau  majr 
not  become  sensibly  Inn  r  temperatiife  than  baa  usually 

been  supposed.    It  won'  TBJwtf  tiiat  at  e?MV  tMnpentni% 

radiations  of  every  wa'  ^^tfejV'f'         ^'^'Hi'^  ^""V 

temperature  above  tk€  ot  ^Wipi*p 
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l>e  observed  at  second  and  subsequent  returns  for  unknown  reasons ;  quite 
possibly  for  the  same  reason,  whatever  that  may  be,  that  has  deprived  us 
of  Biela*8  comet. 

Similarly,  Saturn  is  at  present  credited  with  two  comets,  one  of 
which  is  Tattle's  comet,  given  in  the  catalogue  of  periodic  comets. 
Uranus  stands  sponsor  for  three,  —  one  of  them  Tempel's  comet, 
which  is  very  interesting  in  its  relation  to  the  November  meteors,  and 
is  expected  back  in  1900.  Finally,  Neptune  has  a  family  of  six. 
1 1  alley's  comet  is  one  of  them,  and  two  of  the  others  have  been 
observed  for  a  second  time  since  1880 ;  the  other  three  are  not  due 
ou  their  second  return  for  some  years  to  come. 

740.  Origin  of  Comets :  the  "  Capture  **  Tlieory.  —  The  generally 
accepted  theory  as  to  the  origin  of  these  comet  families  is  that  the 
comets  which  compose  them  have  been  captured  by  the  planets  to 
which  they  now  belong. 

A  comet  entering  the  system  Arom  an  infinite  distance,  and  moving 
in  a  parabolic  orbit,  when  it  comes  near  a  planet  will  be  either 
accelerated  or  retarded.  If  accderatedy  its  orbit  becomes  hyperbolic^ 
and  that  is  the  end  of  that  comet  so  far  as  the  solar  system  is  con- 
ocrned  ;  it  never  returns  for  a  second  observation.  If,  on  the  other 
hand,  it  is  retarded^  the  orbit  1)ecomes  elUpticnl^  and  the  comet  will 
return  at  regular  intervals,  moving  in  a  path  which,  of  course,  always 
[lasses  through  the  point  where  the  disturbance  took  place. 

It  is  true,  as  Mr.  l^octor  has  pointed  out,  that  the  attraction  of 
Jupiter,  huge  as  is  his  mass,  could  not  at  one  effort  transform  a  para- 
bolic orbit  into  an  orbit  so  small  as  that,  say,  of  Biela's  comet.  But 
it  is  not  necessary  that  the  thing  should  be  done  at  one  effort.  The 
comet's  orbit  lies  near  to  Jupiter's,  and  after  a  lapse  of  time,  Jupiter 
and  the  comet  will  be  sure  to  come  alongside  again :  the  comet  may 
then  l)e  sent  into  a  hy|>erbolic  or  parabolic  orbit,  —  the  chances  for 
such  a  result  are  nearly  even ;  —  but  it  may  also  have  its  velocity  a 
second  time  diminishedj  and  its  orbit  made  still  smaller;  and  this  may 
be  done  over  and  over  again  unlimitedly,  until  the  aphelion  of  the 
comet  falls  at  such  a  distance  within  the  orbit  of  Jupiter  that  the 
planet  is  no  longer  able  to  disturb  it  seriously.  Given  time  enough, 
and  comets  enough,  for  Jupiter  to  work  upon,  and  the  final  result 
would  necessarily  be  a  comet-family  such  as  really  exists,  with  the 
aphelia  of  their  orbits  near  to  Uie  orbit  of  Jupiter,  and  periods 
roughly  half  his  own.  But  it  must  be  frankly  admitted  that  the 
extent  of  time,  and  the  quantity  of  cometary  material  demanded,  are 
enormous. 
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It  may  be  added  that  the  results  of  the  recent  investigatioiiB  of 
Newton  of  New  Haven  upon  the  nature  and  distribution  of  cometuy 
are  favorable  to  the  hypothesis  that  comets  come  into  the  solar  systom  from 
outer  space,  and  do  not  originate  within  it 

741.  The  "Ejeotion''  Theory.  — Mr.  Proctor  has  suggested,  and 
vigorously  defended,  a  very  different  theory,  —  that  comets  are  maeees  qfumUer 
which  have  been  thrown  off  from  the  heavenly  bodies  by  eruptions  of  some  Mart ; 
that  the  comets  of  Jupiter's  family,  for  instance,  once  formed  a  portion  of 
its  mass,  and  were  at  some  time  ejected  with  a  velocity  sufficient  to  set  them 
free  in  space ;  and  that  many  of  the  parabolic  comets  may  have  been  dm- 
ilarly  ejected  from  our  own,  or  from  other  suns.  The  main  difficulty  with 
this  theory  is  that  there  is  no  evidence  of  the  necessary  eruptive  enei^  in 
Jupiter,  or  in  any  of  the  planets.  A  body  would  have  to  leave  the  u|qper 
surface  of  Jupiter*s  atmosphere  with  a  velocity  exceeding  thirty-five  miles 
a  second,  in  order  to  fulfil  the  conditions  of  the  problem,  and  beoome 
independent  of  the  parent  planet. 

It  cannot  be  said,  however,  that  there  is  any  special  meehanieal  diffienltj 
in  supposing  that  some  of  the  parabolic  comets  may  owe  their  origin  to 
eruptions  from  distant  suns.  Our  own  sun  unquestionably  sometimes  ejects 
clouds  of  matter  (in  the  form  of  the  solar  prominences)  with  enormous 
velocity,  perhaps  in  some  cases  sufficient  to  send  them  off  into  space.  Bat 
so  far  as  we  can  make  out  from  the  spectroscopic  evidence,  the  material  of 
comets  is  not  identical  with  that  of  the  prominences. 

742.  Bemarkable  Comets.  —  (I)  HaMey's  Comet.  This  was  the 
first  periodic  comet  whose  return  was  predicted.  Halley  based  hia 
prediction  upon  the  fact  that  he  found  its  orbit  in  1682  to  be  nearlj* 
identical  with  those  of  the  comets  of  1607  and  1531,  which  had  been 
carefully  observed  by  Kepler  and  Apian  ;  and  lie  also  found  records 
of  the  appearance  of  great  comets  in  1456,  in  1301,  in  1145  and 
1066,  which  would  correspond  as  regards  the  time-intervals  concerned, 
though  data  were  wanting  for  an  accurate  calculation  of  their  orbits. 
He  noticed,  of  course,  that  the  two  intervals  between  1531  and  1607, 
and  between  1607  and  1682  were  not  quite  equal ;  but  he  had  sagac- 
ity  enough  to  see  that  the  differences  were  no  greater  than  might  be 
accounted  for  by  the  attractions  of  Jupiter  and  Saturn. 

The  theory  of  perturbation  was  not  then  sufficiently  developed  to  make  ft 
possible  to  compute  with  precision  just  what  the  effect  would  be  upon  the 
next  return  of  the  comet,  but  he  saw  that  the  action  of  Jupiter  would 
retard  it,  and  he  accordingly  fixed  upon  the  early  part  of  1759  as  the  time 
at  which  the  comet  might  be  expected.  Before  that  date,  however,  math- 
ematics had  so  advanced  that  the  necessary  calculations  could  be  made. 
Clairaut,  as  the  result  of  a  most  laborioaB  investigation,  fixed  upon  April  IS 
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for  the  perihelion  passage ;  but  in  publishing  his  result,  he  remarked  that 
it  might  easily  be  a  month  out  of  the  way  owing  to  the  uncertainty  as  to 
the  masses  of  the  planets,  and  the  possible  action  of  undiscovered  planets 
beyond  Saturn  (Uranus  and  Neptune  were  then  unknown).  The  comet 
actually  came  to  perihelion  on  March  1*3.  At  this  return  it  was  best  seen 
in  the  southern  hemisphere,  and  at  one  time  had  a  tail  nearly  50°  long.  At 
its  next  return,  in  1835,  it  came  to  the  predicted  time  within  two  days. 
It  did  not  appear  on  this  occasion  as  an  extremely  brilliant  comet,  but  was 
reasonably  conspicuous,  with  a  tail  of  the  first  type  (hydrogen)  about  15°  in 
length. 

Its  next  return  will  occur  in  or  about  1911,  but  the  necessary  calculations 
have  not  yet  been  made  to  determine  the  date  v.ith  accuracy. 

The  most  remarkable  of  its  earlier  appearances  were  in  1066  and  1456. 
The  comet  of  lOOG  figures  on  the  Bayeux  tapestry  as  a  propitious  omen  for 
William  the  Conqueror  (of  England).  In  1455  the  comet,  according  to 
popular  Wlief,  was  formally  excommunicated  by  Pope  Calixtus  III.  in  a 
bull  directed  mainly  against  the  Turks,  who  were  then  threatening  eastern 
£uro|>e.  It  is  doubtful,  however,  whether  such  a  formal  bull  was  ever  really 
promulgated. 

743.  (2)  Encke*8  Comet.  This  is  interesting  as  the  first  of  the 
8hort-|)€rio<l  comets,  and  also  as  the  comet  having  the  shortest  known 
time  of  revolution,  —  only  about  three  years  and  a  half.  Encke 
first  detected  its  ]>eriodici(y  in  1H19,  but  it  had  been  frequently 
ol)8er\'ed  during  the  preceding  fifty  years,  and  has  been  observed  at 
almost  every  return  since  then.  It  is  usually  visible  only  in  the 
telescope,  though  sometimes,  under  very  favorable  circumstances, 
it  cau  be  seen  by  the  naked  eye,  with  a  tail  a  degree  or  two 
long.  It  is  often  irregular  in  form,  and  *'  lumpy,*'  and  seldom 
shows  a  well-defined  nucleus ;  nor  does  it  exhibit  very  much  that 
is  interesting  in  the  way  of  jets,  envelopes,  and  other  cometary 
freaks.  We  have  already  mentioned  its  remarkable  contraction  in 
volume  on  approaching  the  sun  (Art.  710),  and  the  progressive 
shortening  of  its  period,  which  has  been  ascribed  to  a  resisUng 
medium  (Art.  715). 

744.  (3)  Biela's  Comet,  This  is  also,  or  ratlier  tea*,  a  small 
comet  with  a  period  of  G.6  years,  —  the  second  comet  of  short  i>eriod 
in  order  of  discovery.  Its  history  is  very  interesting.  It  was  dis- 
covered in  1826  by  Hiela,  an  Austrian  officer,  and  its  periodic  char- 
acter was  soon  detected  by  Gambart,  whose  name  is  connected 
with  it  by  many  French  authorities.  Its  orbit  comes  within  a 
very  few  thousand  miles  of  the  earth's  orbit,  the  nearness  varyiDg* 
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of  ooaroe,  from  time  to  time,  on  account  of  pertarbatiooB.  The 
approach  is  often  so  close,  however,  that  if  the  comet  and  the  earth 
were  to  arrive  at  the  nearest  point  at  the  same  time  there  wonld  be  a 
collision,  and  the  earth  would  pass  through  the  outer  portioos  of  die 
comet's  head.  At  the  return  of  the  comet  in  1832,  acme  one  started 
the  report  that  such  an  encounter  would  occur,  and  in  ooneeqiieiice 
there  was  something  hardly  short  of  a  panic  in  southern  FXmiMMt  ^^ 
first  of  the  since  numerous  '^  comet-scares."  At  this  time  the  eonei 
passed  the  critical  point  about  a  month  before  the  earth  reached  it, 
so  that  the  two  bodies  were  never  really  within  15,000000  miles  of 
each  other. 

745.  At  the  comet's  next  return  in  1839  it  failed  to  be  observed  on 
account  of  its  unfavorable  position  in  the  sky ;  but  in  1846  it  duly 
reappeared,  and  did  a  very  strange  thing,  so  far  unprecedented.  It 
divided  into  two  !  When  first  seen  on  November  28,  it  presented  the 
ordinary  appearance  of  any  newly  discovered  comet.  On  Dec. 
19  it  had  become  rather  pear-shaped,  and  ten  days  later  it  had 
divided,  the  duplication  being  first  seen  in  New  Haven,  and  soon 
after  at  Washington,  some  days  before  any  European  astronomer 
had  noticed  it. 

The  twin  comets  travelled  along  side  by  side  for  more  than  four  montha, 
at  an  almost  unvarying  distance  of  about  1G0,000  miles,  without  showing 
the  least  sign  of  mutual  attraction  or  disturbance;  but  internally  both 
comets  were  intensely  active,  each  developing  a  nucleus  very  bright  for  a 
telescopic  comet,  with  a  tail  some  half  a  degree  in  length,  and  showing 
curious  fluctuations  of  light,  which  seemed  as  a  general  rule  to  alternate;  Le., 
whenever  comet  A  brightened  up,  comet  B  grew  fainter,  and  tfice  verwa. 
During  a  part  of  the  time  the  two  comets  were  connected  by  a  ttant  are  of 
light. 

When  next  the  comet  returned  in  August,  1852,  it  was  under  rather 
unfavorable  circumstances  for  observation,  but  the  twins  were  both  seen, 
now  separated  by  about  1,500000  miles,  and  travelling  quietly  in  their 
appointed  orbits.  Neither  of  them  has  ever  been  seen  again,  although  they 
ought  to  have  returned  five  times,  and  more  than  once  under  favorable 
conditions  for  visibility. 

746.  But  the  story  is  not  yet  ended,  though  the  remainder  per- 
haps belongs  more  properly  in  the  next  chapter  of  our  book. 

On  the  night  of  Nov.  27,  1872,  just  as  the  earth  was  passing  tlie 
old  track  of  the  lost  comet,  she  encountered  a  wonderful  meteodo 
shower.    As  Mias  Gierke  expresses  it,  perhi^  a  little  too  poeUiTely, 
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**  It  became  evident  that  Biela's  comet  was  shedding  over  us  the 
pulverized  products  of  its  disintegration."* 

The  same  thing  happened  again  in  November,  1886,  when  the 
earth  once  more  passed  the  comet's  path. 

The  meteors  of  this  so-called  Bielid  swarm,  in  their  motion  through 
the  sky,  all  appear  to  come  fVom  a  point  iu  the  constellation  of 
Andromeda,  and  are  therefore  sometimes  called  the  ''  Andromedes,'' 
and  their  motion  is  parallel  to  the  comet's  orbit,  at  the  point  where 
it  intersects  our  own. 

747.  (4)  Donates  Comet  of  1858.  This,  on  the  whole,  was  per- 
haps the  finest  (though  not  the  largest  or  the  most  extraordinary)  of 
the  comets  of  the  present  century,  having  been  very  favorably  situ- 
ated for  observation  in  the  October  sky. 

It  was  discovered  at  Florence  as  a  telescopic  object  on  Jmie  2.  It  did 
not,  however,  become  visible  to  the  naked  eye  until  near  the  end  of  August, 
when  it  began  to  exhibit  the  beautiful  phenomena  which  have  made  it,  so 
to  speak,  the  normal  and  typical  comet.  The  comet  had  an  apparently 
well-defined  nucleus,  which  varied  in  diameter  at  different  times  from  500 
miles  to  3000.  For  several  weeks  the  coma  exhibited  in  unrivalled  perfection 
the  development  and  structure  of  concentric  envelopes.  Its  tail  was  of  the 
second  or  hydrocarbon  type,  with  faint  tangential  streamers  which  belong 
to  the  first  or  hydrogen  type ;  it  had  a  maximum  apparent  length  of  about 
50^,  and  was  some  5^  or  6^  wide  at  the  extremity,  and  its  real  length  was 
al)out  4r),000<K)0  miles,  with  a  width  of  10,000000.  The  object  was  kept 
under  accurate  observation  for  fully  nine  months,  so  that  its  orbit  is  unusu- 
ally well  determined  as  a  very  long  ellipse,  with  a  periodic  time  of  nearly 
2(HH)  years.     Figs.  197  and  190  show  its  principal  features. 

Our  space  |>ermits  us  to  cite  in  detail  only  one  other  comet:  — 

748.  (f))  The  Great  Comet  of  1882,  which  will  always  be  remem- 
bered, not  only  for  its  beauty,  but  for  the  great  variety  of  unusual 
phenomena  it  presented. 

Discovery  and  Brightness.  The  comet  seems  to  have  been  first 
seen  as  a  naked-eye  object  by  some  one  whose  name  is  not  given,  at 
Auckland,  New  Zealand,  on  Sept.  3.      By  the  7th  or  8th  it  had 


1  "  Hilt.  Alt.  in  19th  Century/'  p.  3S4.  It  b  probable  enough  that  the  meteors 
were  really  the  product  of  the  comet's  "  ditinte^ration  ** ;  still  it  is  by  no  means 
certain.  It  if,  of  course,  beyond  question  that  they  bear  mmc  relation  to  the  lost 
comet. 
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become  somewhat  conspicuous,  and  was  observed  both  at  Cordova 
(South  America)  and  at  tlie  Cape  of  Good  Hope.  It  was  telegraphed 
to  the  northern  hemisphere  by  Cruls,  of  Rio  Janeiro,  on  Sept. 
11,  but  was  not  seen  in  the  north  until  the  day  when  it  passed  its 
penheliou,  Sept.  17.  It  was  then  independently  discovered  by 
Common,  in  £ngland  (who  had  not  heard  of  Cruls's  telegram),  in 
broad  daylight,  within  2^  of  the  sun ;  and  the  next  day  it  was  Bimi- 
larly  discovered  by  a  number  of  obsei*vers,  especially  by  Thollon,  at 
Nice,  who  observed  its  spectrum  in  full  sunlight,  and  measured  the 
displacement  of  the  sodium  lines  produced  by  its  motiou.  It  was  so 
bright  that  there  was  not  the  slightest  difficulty  in  seeing  it  by  simply 
shutting  off  the  sun  with  the  hand  held  at  arm's  length. 

749.  Transit  across  the  Sun's  Disc.  —  On  the  afternoon  of  the  17tli, 

its  approach  to  the  sun's  disc  and  actual  contact  with  it  was  observed  by  two 
persons  at  the  Cape  of  Good  Hope,  with  the  same  telescope  and  dark  glasses 
ordinarily  used  for  observing  sun  spots.  The  comet  seemed  to  be  as  bright 
as  the  sun's  surface  itself,  and  was  followed  right  up  to  the  sun's  limb, 
where  it  vanished  so  utterly  that  the  observers  supposed  that  it  had  gone 
behind  the  sun.  On  the  contrary,  however,  it  X)assed  directly  across  the  son's 
disc,  but  absolutely  invisible ;  there  was  not  the  least  trace  of  it  upon  the 
sun's  surface,  so  that  we  must  suppose  it  to  have  been  sensibly  transparent. 
It  must  have  traversed  the  dLsc  in  less  than  fifteen  minutes,  though  unfriendly 
clouds  prevented  the  observation  of  its  exit.  For  four  days  after  the  peri- 
helion passage  it  remained  still  visible  to  the  eye  by  daylight.  On  Sept.  22d, 
a  French  obser^^er  in  Paris  ascended  in  a  balloon  to  observe  it,  and  succeeded 
in  seeing  it,  but  not  in  getting  any  valuable  results.  A  few  days  more 
carried  it  so  far  from  the  sun  that  it  became  a  magnificent  object  for  the 
hours  before  sunrise. 

750.  Member  of  a  Comet  Group.  —  As  has  been  stated  before 
(Art.  70o),  its  orl)it  —  at  least,  that  iK)rtion  of  it  within  the  earth's 
orbit  —  coincides  almost  exactly  with  tiie  orbits  of  three  other  comets 
belonging  to  the  same  group;  viz.,  the  comets  of  1GG8,  1845,  and 
1880.  The  salient  peculiarity  of  these  orbits  lies  in  the  closeness  of 
their  approach  to  the  sun^  the  perihelion  distance  of  each  of  them 
being  less  than  750,000  miles,  so  that  they  all  passed  within  300,000 
miles  of  the  sun's  surface,  and  with  a  velocity  which  at  perihelion 
exceeded  300  miles  per  second,  and  carried  them  through  180^  of 
their  orbit  in  less  than  three  hours.  And  yet,  this  passage  through 
the  sun's  coronal  regions  did  not  disturb  their  motion  in  the  least,  as 
is  shown  by  the  fact  that  the  orbit  of  the  comet  of  1882,  deduced 
from  the  observations  made  before  the  perihelion  passage, 
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exactly  with  that  deduced  from  those  made  after  it.  The  inference 
as  to  the  extreme  rarity  of  the  8un*8  corona  is  obvious.  Only  one 
other  comet — Newton's  comet  of  1680 — has  ever  approached  even 
nearly  a^  close  to  the  sun  as  the  four  comets  of  this  group. 

The  comet  continued  visible  until  March,  and  this  long  period  of  observa- 
tion enabled  the  computers  to  determine  the  orbit  with  a  greater  degree  of 
accura<'y  than  is  usual,  'hiey  all  agree  in  making  it  a  very  elongated 
ellipse,  with  a  i>eriod  ranging  from  Q7y2  years  (according  to  Morrison)  to 
8^13  years  (according  to  Kreuz).  Fig.  206  represents  the  form  of  the  orbit 
and  the  way  in  which  lU  plane  is  related  to  the  orbit  of  the  earth. 


Flu.  2U0.  —  Orbit  of  the  Great  Corart  of  18S2. 


751.  Telescopic  Features.  —  When  the  comet  first  became  tele- 
scopically  observable  in  the  morning  sky  it  presenteil  very  nearlj*  the 
normal  appearance.  The  nucleus  was  sensibly  circular,  and  there 
were  a  number  of  clearly  developed,  concentric  envelopes  in  the 
head  ;  the  dark,  shadow-like  stripe  behind  the  nucleus  was  also  well 
marked.  In  a  few  days  the  nucleus  became  elongated,  and  finally 
stretched  out  into  a  lengthened,  luminous  streak  some  50,000  miles 
in  extent,  upon  which  there  were  six  or  eight  star-like  knots  of  con- 
densation. The  largest  and  brightest  of  these  knots  was  the  third 
from  the  forward  end  of  the   line,  and  was  some  5000  miles  io 


416  COMETS. 

to  their  molecular  weights.  Now  the  molecular  weights  of  hydrogen,  of 
hydrocarbon  gases,  and  of  the  vapor  of  iron,  bear  to  each  other  just  about 
the  required  proportion. 

733.  Hatare  of  the  Sepnlsive  Force.  —  As  to  this  we  have  so  far 
no  absolute  knowledge.  While  the  old  '^  corposcular  theory  of 
light"  held  its  ground,  many  thought  that  the  apparent  repulsion  was 
due  to  the  actual  impact  of  the  light  corpuscles.  Since  the  abandon- 
ment of  this  theory,  others  have  tried  to  find  it  in  the  ^'  impulse"  of 
the  light  and  heat  waves  of  the  ether,  without,  however,  explaining 
how  such  waves  could  produce  any  such  impulsive  action.  No 
experiments  show  any  such  carrying  power  of  light  or  any  pressure 
produced  by  its  impact,  although  when  Crookes  first  invented  his 
radiometer  he  seems  to  have  thought  he  had  found  it.  On  the  whole, 
opinion  at  present  strongly  inclines  to  the  view  long  ago  suggested 
by  numerous  speculators,  but  specially  worked  out  and  enforced  by 
ZoUner ;  namely,  that  the  force  is  electncal;  and  some  authorities  of 
such  eminence  as  Dr.  Huggins  and  the  late  Professor  Peirce  have 
asserted  it  positively.  The  difficulty  is  that  we  have  no  evidence  that 
the  sun  is  electrically  charged,  nor  do  we  know  how  it  could  acquire 
a  charge.  At  the  same  time,  the  unquestionable  vuxgnetic  effects 
produced  upon  the  earth  by  solar  disturbances  rather  favor  the  belief 
that  there  must  be  also  a  purely  electric  reaction  between  the  sun  and 
its  attendant  bodies. 

A  singular  theory  has  been  proposed  by  Zenker,  that  the  repulsion  is 
due  to  the  reaction  produced  by  rapid  evaporation  on  the  surface  of  the 
little  solid  and  liquid  particles  of  which  he  supposed  a  comet  to  consist :  this 
evaporation  would,  of  course,  be  most  rapid  on  the  side  of  the  particles  next 
the  sun,  and  would  cause  a  recoil  in  a  manner  analogous  to  that  by  which 
the  so-called  spheroidal  state  of  liquids  is  produced  on  a  heated  surface. 
Ranyard  has  suggested  that  the  cometary  particles  may  consist  principally 
of  minute  liquid  drops  or  frozen  **  hail-stones "  of  certain  hydrocarbons 
which  evaporate  rapidly  at  a  very  low  temperature  (such  as  rhigoline 
and  its  congeners). 

734.  State  of  the  Matter  composing  the  Tail.  —  This  also  is  a  sub- 
ject of  speculation  rather  than  of  knowledge.  Perhaps  the  simplest 
supposition  is  that  we  have  to  do  with  gaseous  matter  rarefied  even 
beyond  the  limits  of  the  gas  contained  in  Crookes's  tubes,  —  so  rare- 
fied that  since  its  molecules  no  longer  suffer  frequent  collisions  with 
each  other,  it  has  thus  lost  all  the  peculiar  mechanical  characteris- 
tics of  a  gaseous  mass,  and  become  a  mere  cloud  of  separate  parti- 
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cles,  each  particle  consisting,  however,  of  but  a  single  molecnle. 
Spectroscopically  such  a  cloud  would  still  be  gaseous^  but  from  a 
mechanical  point  of  view  extremes  would  have  met,  and  this  most 
tenuous  gas  would  have  become  a  cloud  of  finely  powdered  solid. 

786.  What  beoomas  of  the  Kattar  thrown  off  in  Comati'  Tails. — 
To  this  we  have  no  certain  answer  at  present;  but  if  the  theory 
which  has  been  stated  is  true,  it  is  clear  that  most  of  the  matter  so 
repelled  from  comets  can  never  be  re-gathered  by  the  nucleus,  but 
must  be  dissipated  in  space. 

Whenever  a  planet  meetfl  any  of  the  particles,  it  picks  them  up,  of  course, 
as  it  picks  up  meteors ;  and  Newton  long  ago  suggested,  what  hss  of  late 
been  forcibly  dwelt  upon  by  Dr.  Sterry  Hunt,  that  in  this  way  the  atmos- 
pheres of  the  planets  may  be  supplied  with  material  to  take  the  place  of  the 
carbon  which  has  been  absorbed  and  fixed  by  the  processes  of  crystallization 
and  of  life.  Otherwise  it  would  seem  that  the  processes  now  going  on  upon 
tlie  earth's  surface  must  necessarily  in  the  course  of  time  deprive  the  atmos- 
phere of  all  its  carbonic  acid. 

If  this  view  is  correct,  it  follows  that  such  comets  as  have  tails  lose  a 
portion  of  their  substance  every  time  that  they  visit  the  sun.  It  is  quite  con- 
ceivable,  also,  that  the  processes  by  which  light  is  excited  in  the  bead  of  a 
comet  may  use  up  and  render  unfit  for  future  shining,  a  portion  of  its 
material ;  so  that,  as  a  periodic  comet  grows  old,  it  may  become  both  smaller 
and  less  luminouA,  until  finally  it  ceases  to  be  observable. 

736.  Anomalous  Tails  and  Streamers.  —  It  is  not  very  unusual  for 
comets  to  show  tails  of  two  different  types  at  the  same  time,  as,  for 
instance,  Donati's  comet.  But  occasionall}'  stranger  things  happen, 
and  the  great  comet  of  1757  is  reported  to  have  had  six  tails  divei^- 
ing  like  a  fan.  Winnecke*s  comet  of  1877  threw  out  a  tail  laterally^ 
making  an  angle  of  about  60°  with  the  normal  tail,  and  having  the 
same  length, — about  1**.  Pechdle's  comet  of  1880  (a  small  one), 
besides  the  normal  tail,  had  another  of  about  the  same  dimensions 
directed  straight  totctirds  the  sun :  streamers  of  considerable  length 
so  directed  are  not  very  infrequent.  The  great  comet  of  1882  pre- 
sented a  number  of  peculiarities,  which  will  be  mentioned  in  the 
more  particular  description  of  that  body,  which  is  to  follow.  Most 
of  these  anomalies  are  as  yet  entirely  unexplained. 

737.  Hature  of  Comets.  — It  is  obvious  from  what  has  been  said 
that  we  have  little  certain  knowledge  on  this  subject ;  but  perhaps  on 
the  whole  the  most  probable  hypothesis  is  the  one  which  haa  been 
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hinted  at  repeatedly,  —  that  a  comet  is,  as  Professor  Newton  ex- 
presses it,  nothing  but  a  ^'  sand-bank  ";  i.e.,  a  swarm  of  solid  parti- 
cles of  unknown  size  and  widely  separated  (say  pin-heads  several 
hundred  feet  apart),  each  particle  carrying  with  it  an  envelope  of 
gas,  largely  hydrocarbon,  in  which  gas  light  is  produced,  either  by 
electric  discharges  between  the  particles,  or  by  some  other  light- 
evolving  action^  due  to  the  sun's  influence. 

This  hypothesis  derives  its  chief  plausibility  from  the  modem  dis- 
covery of  the  close  relationship  between  meteors  and  comets,  to  be 
discussed  in  the  next  chapter. 

738.  Origin  of  Periodic  Comets. — It  is  obvious  that  tlie  comets 
which  move  in  parabolic  orbits  are,  as  has  been  said  already,  mere 
visitors  to  the  solar  system,  and  not  citizens  of  it :  but  as  to  those 
which  now  move  in  elliptical  orbits  around  the  sun,  returning  aa 
regularly  as  planets,  it  is  a  question*  whether  we  are  to  regard  them 
as  native-born,  or  only  as  naturalized.  Did  they  originate  in  the 
system,  or  are  they  captives? 

739.  Planets'  Families  of  Comets.  —  It  is  quite  clear  that  in  some 
way  or  other  many  of  them  owe  their  present  status  in  the  system  to 
Jupiter,  Saturn,  and  tlie  other  planets.  In  Article  703  we  called  atten- 
tion to  the  fact  that,  without  exception,  all  the  short-period  comets 
(t.e.,  those  having  periods  ranging  from  three  to  eight  years) ,  pass 
very  near  to  Jupiter's  orbit  at  some  point  in  their  paths ;  and  they 
are  now  recognized  and  spoken  of  as  Jupiter's  family  of  comets,  — 
sixteen  of  them  in  all,  at  present  known. 

Nine  of  the  sixteen  are  in  the  table  of  comets  who»e  returns  have  been 
actually  observed  more  than  once.  One  of  the  others  was  I^xell's  comet, 
which  was  removed  from  the  range  of  observation  by  being  thrown  into  a 
new^  and  larger  orbit  by  Jupiter  in  1779 ;  and  two  are  comparatively  recent 
discoveries,  whose  returns  are  soon  expected.     The  other  four  have  failed  to 


1  Some  have  ascribed  tlie  light  to  the  atllisions  between  the  little  stones  of 
which  they  assume  the  comet  to  be  made  up,  forgetting  that,  although  the  o&to* 
lute  velocity  of  the  comet  is  extremely  great,  the  relative  velocities  of  its  con* 
stituent  masses  with  reference  to  each  other  must  be  very  slight  —  far  too  small 
apparently  to  account  for  any  considerable  rise  of  temperature  or  evolution  of 
light  in  that  way.  It  is  perhaps  worth  considering  whether  gases  in  the  masM  may 
not  become  sensibly  luminous  at  a  much  lower  temperature  than  has  osuaUj 
been  supposed.  It  would  seem  not  improbable  a  priori  thtit  at  every  tempeTatare, 
radiations  of  every  wave-length  must  be  emitted  in  some  degree;  i.e.,  that  atoajf 
temperature  above  the  absolute  zero  uo  UhIj/  is  absolutelif  non-luminous. 
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be  observed  at  second  and  subsequent  returns  for  unknown  reasons ;  quite 
possibly  for  the  same  reason,  whatever  that  may  be,  that  has  deprived  us 
of  Biela*8  comet. 

Similarly,  Saturn  is  at  present  credited  with  two  comets,  one  of 
which  is  Tattle's  comet,  given  in  the  catalogue  of  periodic  comets. 
Uranus  stands  sponsor  for  three, — one  of  them  Tempel's  comet, 
which  is  very  interesting  in  its  relation  to  the  November  meteors,  and 
is  expected  back  in  1900.  Finally,  Neptune  has  a  family  of  six. 
Ilallcy's  comet  is  one  of  them,  and  two  of  the  others  have  been 
observed  for  a  second  time  since  1880 ;  the  other  three  are  not  due 
ou  their  second  return  for  some  years  to  come. 

740.  Origin  of  Comets :  the  **  Capture  *'  Theory.  —  The  generally 
accepted  theory  as  to  the  origin  of  these  comet  families  is  that  the 
comets  which  compose  them  have  been  captured  by  the  planets  to 
which  they  now  belong. 

A  comet  entering  the  system  fh>m  an  infinite  distance,  and  moving 
in  a  parabolic  orbit,  when  it  comes  near  a  planet  will  be  either 
accelerated  or  retarded.  If  accelerated^  its  orbit  becomes  hyperbolic^ 
and  that  is  the  end  of  that  comet  so  far  as  the  solar  system  is  con- 
cerned ;  it  never  returns  for  a  second  observation.  If,  on  the  other 
hand,  it  is  retarded^  the  orbit  l)ecomes  elliptical ^  and  the  comet  will 
return  at  regular  intervals,  moving  in  a  path  which,  of  course,  always 
parses  through  the  point  where  the  disturbance  took  place. 

It  is  true,  as  Mr.  Proctor  has  fK>inted  out,  that  the  attraction  of 
Jupiter,  huge  as  is  his  mass,  could  not  at  one  effort  transform  a  para- 
l>olic  orbit  into  an  orbit  so  small  as  that,  say,  of  Biela's  comet.  But 
it  is  not  necessary  that  the  thing  should  be  done  at  one  effort.  The 
comet's  orbit  lies  near  to  Jupiter's,  and  after  a  lapse  of  time,  Jupiter 
and  the  comet  will  be  sure  to  come  alongside  again :  the  comet  may 
then  l)e  sent  into  a  hyperbolic  or  parabolic  orbit,  —  the  chances  for 
such  a  result  are  nearly  even ;  —  but  it  may  also  have  its  velocity  a 
second  time  diminished^  and  its  orbit  made  still  smaller;  and  this  may 
be  done  over  and  over  again  unlimitedly,  until  the  aphelion  of  the 
comet  falls  at  such  a  distance  within  the  orbit  of  Jupiter  that  the 
planet  is  no  longer  able  to  disturb  it  seriously.  Given  time  enough, 
and  comets  enough,  for  Jupiter  to  work  upon,  and  the  final  result 
would  necessarily  be  a  comet-family  such  as  really  exists,  with  the 
aphelia  of  their  orbits  near  to  tlie  orbit  of  Jupiter,  and  periods 
roughly  ludf  his  own.  But  it  must  be  frankly  admitted  that  the 
extent  of  time,  and  the  quantity  of  cometary  material  demanded,  are 
enormous. 
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It  may  be  added  that  the  results  of  the  recent  investigatioiifl  of 
Newton  of  New  Hayen  upon  the  nature  and  distribution  of  oometaxy  orbits 
are  favorable  to  the  hypothesis  that  comets  come  into  the  solar  system  from 
outer  space,  and  do  not  originate  within  it. 

741.  The  << Ejection*'  Theory.  — Mr.  Proctor  has  suggested*  and 
vigorously  defended,  a  very  different  theory,  —  that  comets  are  maeeet  i^wiaUer 
which  have  been  thrown  off  from  the  heavenly  bodies  by  eruptions  of  some  sari ; 
that  the  comets  of  Jupiter's  family,  for  instance,  once  formed  a  porfcum  of 
its  mass,  and  were  at  some  time  ejected  with  a  velocity  sufficient  to  set  them 
free  in  space ;  and  that  many  of  the  parabolic  comets  may  have  been  rim* 
ilarly  ejected  from  our  own,  or  from  other  suns.  The  main  difficulty  with 
this  theory  is  that  there  is  no  evidence  of  the  necessary  eruptive  eneigy  in 
Jupiter,  or  in  any  of  the  planets.  A  body  would  have  to  leave  the  upper 
surface  of  Jupiter*s  atmosphere  with  a  velocity  exceeding  thirty-five  miles 
a  second,  in  order  to  fulfil  the  conditions  of  the  problem,  and  become 
independent  of  the  parent  planet. 

It  cannot  be  said,  however,  that  there  is  any  special  meckanieal  diffionlty 
in  supposing  that  some  of  the  parabolic  comets  may  owe  their  ori^n  to 
eruptions  from  distant  suns.  Our  own  sun  unquestionably  sometimes  ejects 
clouds  of  matter  (in  the  form  of  the  solar  prominences)  with  enormous 
velocity,  perhaps  in  some  cases  sufficient  to  send  them  oft  into  space.  But 
so  far  as  we  can  make  out  from  the  spectroscopic  evidence,  the  material  of 
comets  is  not  identical  with  that  of  the  prominences. 

742.  Remarkable  Comets.  — (1)  Halley'a  Comet.  This  was  the 
first  perioiUc  comet  whose  return  was  predicted.  Halley  based  hia 
prediction  upon  the  fact  that  he  found  its  orbit  in  1682  to  be  nearlj* 
identical  with  those  of  the  comets  of  1607  and  1531,  which  had  been 
carefully  observed  by  Kepler  and  Apian  ;  and  lie  also  found  records 
of  the  appearance  of  great  comets  in  1456,  in  1801,  in  1145  and 
1066,  which  would  correspond  as  regards  the  time-intervals  concerned, 
though  data  were  wanting  for  an  accurate  calculation  of  their  orbits. 
He  noticed,  of  course,  that  the  two  intervals  between  1581  and  1607, 
and  between  1607  and  1682  were  not  quite  equal ;  but  he  had  sagac- 
ity enough  to  see  that  the  differences  were  no  greater  than  might  be 
accounted  for  by  the  attractions  of  Jupiter  and  Saturn. 

The  theory  of  perturbation  was  not  then  sufficiently  developed  to  make  It 
possible  to  compute  with  precision  just  what  the  effect  would  be  upon  the 
next  return  of  the  comet,  but  he  saw  that  the  action  of  Jupiter  would 
retard  it,  and  he  accordingly  fixed  upon  the  early  part  of  1759  as  the  time 
at  which  the  comet  might  be  expected.  Before  that  date,  however,  math- 
ematics had  so  advanced  that  the  necessary  calculations  could  be  made. 
Clairaut,  as  the  result  of  a  most  laborious  investigation,  fixed  upon  AptO  It 
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for  the  perihelion  passage ;  but  in  publishing  his  result,  he  remarked  that 
it  might  easily  be  a  month  out  of  the  way  owing  to  the  uncertainty  as  to 
the  masses  of  Uie  planets,  and  the  possible  action  of  undiscovered  planets 
beyond  Saturn  (Uranus  and  Neptune  were  then  unknown).  The  comet 
actually  came  to  perihelion  on  March  13.  At  this  return  it  was  best  seen 
in  the  southern  hemisphere,  and  at  one  time  had  a  tail  nearly  50^  long.  At 
its  next  return,  in  1835,  it  came  to  tlie  predicted  time  within  two  days. 
It  did  not  appear  on  this  occasion  as  an  extremely  brilliant  comet,  but  was 
reasonably  conspicuous,  with  a  tail  of  the  first  type  (hydrogen)  about  15^  in 
length. 

Its  next  return  will  occur  in  or  about  1911,  but  the  necessary  calculations 
have  not  yet  l>een  made  to  determine  the  date  v;ith  accuracy. 

The  most  remarkable  of  its  earlier  appearances  were  in  1066  and  1456. 
The  cotnct  of  1()0C  figures  on  the  Bayeux  tapestry  as  a  propitious  omen  for 
William  the  Conqueror  (of  England).  In  1455  the  comet,  according  to 
popular  l>elief,  was  formally  excommunicated  by  Pope  Calixtus  III.  in  a 
bull  directed  mainly  against  the  Turks,  who  were  then  threatening  eastern 
£uro]ie.  It  is  doubtful,  however,  whether  such  a  formal  bull  was  ever  really 
promulgated. 

743.  (2)  Encke*8  Comet.  This  is  interesting  as  the  first  of  the 
short-period  comets,  and  also  as  the  comet  having  the  shortest  known 
time  of  revolution,  —  only  about  three  years  and  a  half.  Encke 
first  detected  its  periodicity  in  1819,  but  it  had  been  frequently 
ob8er\'ed  during  the  preceding  fifty  years,  and  has  been  observed  at 
almost  every  return  since  then.  It  is  usually  visible  only  in  the 
telescope,  though  sometimes,  under  very  favorable  circumstances, 
it  can  be  seen  by  the  naked  eye,  with  a  tail  a  degi'ee  or  two 
long.  It  is  often  irregular  in  form,  and  ^Uumpy,"  and  seldom 
shows  a  well-defined  nucleus;  nor  does  it  exhibit  very  much  that 
is  interesting  in  the  way  of  jets,  envelopes,  and  other  cometary 
freaks.  We  have  alreadv  mentioned  its  remarkable  contraction  in 
volume  on  approaching  the  sun  (Art.  710),  and  the  progressive 
shortening  of  its  period,  which  has  been  ascribed  to  a  resisting 
medium  (Art.  715). 

744.  (3)  Biela's  Comet.  This  is  also,  or  rather  tww,  a  small 
comet  with  a  i)eriod  of  0.6  years,  —  the  second  comet  of  short  period 
in  order  of  discovery.  Its  history  is  very  interesting.  It  was  dis- 
covtTod  in  1^26  by  Biela,  an  Austrian  ofl^cer,  and  its  periodic  char- 
actor  was  soon  detected  by  Gambart,  whose  name  is  connected 
with  it  bv  manv  French  authorities.  Its  orbit  comes  within  a 
very  few  thousand  miles  of  the  earth's  orbit,  the  nearness  varying. 
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of  ooarse,  from  time  to  time,  on  account  of  pertarbations.  Tbe 
approach  is  often  so  close,  however,  that  if  the  comet  and  tiie  earth 
were  to  arrive  at  the  nearest  point  at  the  same  time  there  would  be  a 
collision,  and  the  earth  would  pass  through  the  outer  portioiia  of  the 
comet's  head.  At  the  return  of  the  c(»net  in  1832,  some  one  started 
the  report  that  such  an  encounter  would  occur,  and  in  oonsequenee 
there  was  something  hardly  short  of  a  panic  in  southern  Fkaaoet  tlie 
first  of  the  since  numerous  ^'  comet-scares."  At  this  time  tfw  oooMfc 
passed  the  critical  point  about  a  month  before  the  earth  readied  it, 
so  that  the  two  bodies  were  never  i*eally  within  15,000000  miles  of 
each  other. 

745.  At  the  comet's  next  return  in  1839  it  failed  to  be  observed  on 
account  of  its  unfavorable  position  in  the  sky ;  but  in  1846  it  doly 
reappeared,  and  did  a  very  strange  thing,  so  far  unprecedented.  It 
divided  into  two  !  When  first  seen  on  November  28,  it  presented  the 
ordinary  appearance  of  any  newly  discovered  comet.  On  Dec. 
19  it  had  become  rather  pear-shaped,  and  ten  days  later  it  had 
divided,  the  duplication  being  first  seen  in  New  Haven,  and  soon 
after  at  Washington,  some  days  before  auy  European  astronomer 
had  noticed  it. 

The  twin  comets  travelled  along  side  by  side  for  more  than  four  months, 
at  an  almost  unvarying  distance  of  about  160,000  miles,  without  showing 
the  least  sign  of  mutual  attraction  or  disturbance;  but  internally  both 
comets  were  intensely  active,  each  developing  a  nucleus  very  bright  for  a 
telescopic  comet,  with  a  tail  some  half  a  degree  in  length,  and  showing 
curious  fluctuations  of  light,  which  seemed  as  a  general  rule  to  alternate  ;  t-e., 
whenever  comet  .4  brightened  up,  comet  B  grew  fainter,  and  nice  vena. 
During  a  part  of  the  time  the  two  comets  were  connected  by  a  faint  arc  of 
Ught. 

AVhen  next  the  comet  returned  in  August,  1852,  it  was  under  rather 
unfavorable  circumstances  for  observation,  but  the  twins  were  both  seeDp 
now  separated  by  about  1,500000  miles,  and  travelling  quietly  in  their 
appointed  orbits.  Neither  of  them  has  ever  been  seen  again,  although  they 
ought  to  have  returned  five  times,  and  more  than  once  under  favorable 
conditions  for  visibility. 

746.  But  the  story  is  not  yet  ended,  though  the  remainder  per* 
haps  belongs  more  pix>perly  in  the  next  chapter  of  our  book. 

On  the  night  of  Nov.  27,  1872,  just  as  the  earth  was  passing  fbe 
old  track  of  the  lost  comet,  she  encountered  a  wonderful  meteoric 
shower.    As  Miss  Gierke  expresses  it,  perhaps  a  little  too  positiTely, 


HEMARKABLS  COMETS.  428 

^^  It  became  evident  that  Biela's  comet  was  shedding  over  us  the 
pulverized  products  of  its  disintegration."' 

The  same  thing  happened  again  in  November,  1886,  when  the 
earth  once  more  passed  the  comet's  path. 

The  meteors  of  this  so-called  Bielid  swarm,  in  their  motion  through 
the  sky,  all  appear  to  come  (torn  a  point  iu  the  constellation  of 
Andromeda,  and  are  therefore  sometimes  called  the  '*  Andromedes," 
and  their  motion  is  parallel  to  the  comet's  orbit,  at  the  point  where 
it  intersects  our  own. 

747.  (4)  Donates  Comet  of  1858.  This,  on  the  whole,  was  per- 
haps the  finest  (though  not  the  largest  or  the  most  extraordinary)  of 
the  comets  of  the  present  century,  having  been  very  favorably  situ- 
ated for  observation  in  the  October  sky. 

It  was  discovered  at  Florence  as  a  telescopic  object  on  June  2.  It  did 
not,  liowever,  become  visible  to  the  naked  eye  until  near  the  end  of  Auguit, 
when  it  began  to  exhibit  the  beautiful  phenomena  which  have  made  it,  so 
to  speak,  the  normal  and  typical  comets  The  comet  bad  an  apparently 
well-defined  nucleus,  which  varied  in  diameter  at  diiferent  times  from  500 
miles  to  3000.  For  several  weeks  the  coma  exhibited  in  unrivalled  perfection 
the  development  and  structure  of  concentric  envelopes.  Its  tail  was  of  the 
second  or  hydrocarbon  type,  with  faint  tangential  streamers  which  belong 
to  the  first  or  hydrogen  type ;  it  had  a  maximum  apparent  length  of  about 
.'KF,  and  was  some  5^  or  6^  wide  at  the  extremity,  and  its  real  length  was 
about  45,000000  miles,  with  a  width  of  10,000000.  The  object  was  kept 
under  accurate  observation  for  fully  nine  months,  so  that  its  orbit  is  unusu- 
ally well  determined  as  a  very  long  ellipse,  with  a  periodic  time  of  nearly 
2(MM)  years.     Figs.  197  and  199  show  its  principal  features. 

Our  space  |>ermit8  us  to  cite  in  detail  only  one  other  comet :  — 

748.  (5)  77ie  Great  Omtet  of  1882,  which  will  always  be  remem- 
l)ered,  not  only  for  its  beaut}*,  but  for  the  great  variety  of  unusual 
phenomena  it  presented. 

Discovery  and  Brightness,  The  comet  seems  to  have  been  first 
seen  as  a  naked-eye  object  by  some  one  whose  name  is  not  given,  at 
AiKkland,  New  Zealand,  on  Sept.  3.      By  the  7th  or  8th  it  had 


1  "  Hitt.  Att.  in  19th  Century,"  p.  384.  It  b  probable  enoogh  that  the  mettora 
were  really  the  product  of  the  comet's  "disinte^ratiom" ;  still  it  is  by  no  meant 
certain.  It  if,  of  coarse,  beyond  question  that  they  bear  $owi€  relatloo  to  the  lost 
comet. 
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become  somewhat  conspicuous,  and  was  observed  both  at  Cordoya 
(South  America)  and  at  the  Cape  of  Good  Hope.  It  was  telegraphed 
to  the  northern  hemisphere  by  Cruls,  of  Rio  Janeiro,  on  Sept. 
1 1 ,  but  was  not  seen  in  the  north  until  the  day  when  it  passed  its 
perihelion,  Sept.  17.  It  was  then  independently  discovered  by 
Common,  in  England  (who  had  not  heard  of  Cruls's  telegram),  in 
broad  daylight,  within  2°  of  the  sun  ;  and  the  next  day  it  was  simi- 
larly discovered  by  a  number  of  obsei*vers,  especially  by  ThoUon,  at 
Nice,  who  observed  its  spectrum  in  full  sunlight,  and  measured  the 
displacement  of  the  sodium  lines  produced  by  its  motion.  It  was  so 
bright  that  there  was  not  the  slightest  difficulty  in  seeing  it  by  simply 
shutting  off  the  sun  with  the  hand  held  at  arm's  length. 

749.  Transit  across  the  Sun's  Disc.  —  On  the  afternoon  of  the  17tli, 

its  approach  to  the  suirs  disc  and  actual  contact  with  it  was  observed  by  two 
persons  at  the  Cape  of  Good  Hope,  with  the  same  telescope  and  dark  glasses 
ordinarily  used  for  observmg  sun  spots.  The  comet  seemed  to  be  as  bright 
as  the  sun's  surface  itself,  and  was  followed  right  up  to  the  sun's  limb, 
w^here  it  vanished  so  utterly  that  the  observers  supxx)sed  that  it  had  gone 
behind  the  sun.  On  the  contrary,  hoNvever,  it  passed  directly  across  the  son's 
disc,  but  absolutely  invisible ;  there  was  not  the  least  trace  of  it  upon  the 
suu*s  surface,  so  that  we  must  suppose  it  to  have  been  sensibly  transparent. 
It  must  have  traversed  the  disc  in  less  than  fifteen  minutes,  though  unfriendly 
clouds  prevented  the  observation  of  its  exit.  For  four  days  after  the  peri- 
helion passage  it  remained  still  visible  to  the  eye  by  daylight.  On  Sept.  22d, 
a  French  observer  in  Paris  ascended  in  a  balloon  to  observe  it,  and  succeeded 
in  seeing  it,  but  not  in  getting  any  valuable  results.  A  few  days  more 
carried  it  so  far  from  the  sun  that  it  became  a  magnificent  object  for  the 
hours  before  sunrise. 

750.  Member  of  a  Comet  Oronp.  —  As  has  been  stated  before 
(Art.  705),  its  orl)it  —  at  least,  that  portion  of  it  within  the  earth's 
orbit — coincides  almost  exactly  with  the  orbits  of  three  other  oomets 
belonging  to  tlie  same  group;  viz.,  the  comets  of  1668,  1845,  and 
1880.  The  salient  peculiarity  of  these  orbits  lies  in  the  closeness  of 
their  approach  to  the  sun^  the  perihelion  distance  of  each  of  them 
being  less  than  750.000  miles,  so  that  they  all  passed  within  300,000 
miles  of  the  sun's  surface,  and  with  a  velocity  which  at  perihelion 
exceeded  300  miles  per  second,  and  carried  them  through  180^  of 
their  orbit  in  less  than  three  hours.  And  yet,  this  passage  through 
the  sun's  coronal  regions  did  not  disturb  their  motion  in  the  least,  as 
is  shown  by  the  fact  that  the  orbit  of  the  comet  of  1882,  dednoed 
from  the  observations  made  before  the  perihelion  passage. 
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exactly  with  that  deduced  from  those  made  after  it.  The  inference 
as  to  the  extreme  rarity  of  the  sun's  corona  is  obvious.  Only  one 
other  comet — Newton's  comet  of  1680  —  has  ever  approached  even 
nearly  a:^  close  to  the  sun  as  the  four  comets  of  this  group. 

The  comet  continued  visible  until  March,  and  this  long  period  of  observa- 
tion enabled  the  computers  to  determine  the  orbit  with  a  greater  degree  of 
a<^Turaoy  than  is  usual,  'fhey  all  agree  in  making  it  a  very  elongated 
ellipse,  with  a  ]^riod  ranging  from  6.72  years  (according  to  Morrison)  to 
813  years  (jiccording  to  Kreuz).  Fig.  206  represents  the  form  of  the  orbit 
and  the  way  in  which  its  plane  is  related  to  tlie  orbit  of  the  earth. 


Fio.  3U6.  —Orbit  of  th«  Great  Cornrt  of  ]8ft2. 


751.  Telescopic  Featoret.  —  When  the  comet  first  became  tele- 
scopically  observable  in  the  morning  sky  it  presentetl  very  nearly  the 
normal  appearance.  The  nucleus  was  sensibly  circular,  and  there 
were  a  number  of  clearly  developed,  concentric  envelopes  in  the 
Iiead  ;  the  dark,  shadow-like  strii)e  behind  the  nucleus  was  also  well 
marked.  In  a  few  d.iys  the  nucleus  became  elongated,  and  finally 
streti  lied  out  into  a  lengthened,  luminous  streak  some  50,000  miles 
in  extent,  upon  which  there  were  six  or  eight  star-like  knots  of  con- 
densation. The  largest  and  brightest  of  these  knots  was  the  third 
from  the  forward  end  of   the   line,  and  was  some  5000  miles  in 
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diameter.  Tbis  "  string  of  pearls  "  coDtinned  to  lengthen  as  long  h 
the  comet  was  visible,  until  at  laat  the  length  exceeded  100,000  inilet. 
Tbis  fact,  of  course,  made  it  difScult  to  fix  upon  the  precise  point  to 
be  observed  in  determining  the  comet's  position. 

When  the  nuclena  first  broke  ap  in  this  way,  the  dark  stripe  behind 
it  was  stdll  conspicuous,  making,  however,  a  slight  angle  with  the  line 
of  naclei.  A  bright  streak  followed  the  line  of  nuclei,  and  in  a  fev 
days  this  seemed  to  encroach  on  and  to  obliterate  the  dark  stripe,  bo 
that  after  that  time  the  backbone  of  the  comet's  tail  became  bright 
instead  of  dark,  as  it  bad  been  previously.   The  engraving  (Fig.  SO?) 


O0I.B.  Oet-U. 

FU1.IU7.  — Tbanudof  th«  Oroal  Comtl  of  Itta. 

represents  the  telescopic  appearance  at  Princeton  on  Oct.  9  and  18> 
The  comet  coDtinued  to  be  visible  with  the  telescope  until  it  WM 
more  than  470,000000  miles  from  the  earth,  a  distance  to  which  00 
other  such  object  has  ever  been  followed,  except  tbe  single  ccnnet  o( 
1729,  — the  one  whose  perihelion  distance  exceeded  foor  times  tha 
earth's  distance  from  the  sun. 

752.  Toil.  —The  comet  was  so  situated  that  its  tail  was  not  mod 
to  tlic  best  a<lvantagc,  being  directed  nearly  away  from  the  earth,  and 
never  having  an  apparent  longth  much  exceeding  35°.  In  this  re^MOt 
it  has,  therefore,  been  often  surpassed  by  much  inferior  oometa.   Tha 
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actual  length  of  the  tttil,  however,  at  one  time  exceeded  100,000000 
milcH,  —  more  than  the  distance  of  the  earth  from  the  sno.  It  was 
of  the  second  or  hydrocarbon  type. 

A  unique  and  so  far  utterly  unexplained  phenomenon  was  a  fidnt, 
straight-edged  beam  of  light,  or  "  thtath,"  that  accompanied  the 
comet,  enveloping  tlie  head  and  projecting  three  or  four  degrees  in 
front  of  it,  as  shown  in  the  figure  (Fig.  208).  Besides  this,  at  dif- 
ferent times,  three  or  four  irregular  shreds  of  cometary  matter  were 
detected  by  Schmidt,  of  Athens,  and  other  observera,  accompanying 
the  comet  at  a  distance  of  three  or  four  degrees  when  first  seen,  but 
gradually  receding  from  it,  and  at  the  same  time  growing  fainter. 


Kiu.  9M.  — TtM-'SbMib.-udilHAIUaduUoI  IbcUoawlot  Wl. 

Pouil'ly  they  may  have  boen  fragmenU  of  the  tail  which  belonged  to  the 
roiiii't  licfiirp  iHutsiDg  tha  perihelioa,  or  of  the  matter  repelled  from  the 
criiiii't  whuii  iieur  perihelion.  Since  the  comet,  in  paaaing  the  perihelion, 
c)iiiii);e<l  Ihc  dirvulion  of  its  motion  by  nearly  180°  in  kes  thui  three  houra, 
it  van,  of  cour»c,  physically  inipossible  that  the  tail  it  had  before  the  peri- 
helion paMiage  cuulil  huve  made  the  circuit  of  the  sun  in  that  time.  Ite  toil 
:itteT  the  perihelion  passage  was  in  no  sense  the  same  that  it  had  before ;  the 
ri>iiii:t  rail  away  from  the  old  one,  and  dereloped  a  new  one.  Visible  or  iDvist- 
blf,  the  particle*  of  the  old  trun  mutt  have  kept  on  their  way  under  the  com- 
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bined  action  of  the  8im*8  gravitation  and  repulsion,  and  calculation  can  show 
whether  any  of  its  fragments  could  have  occupied  the  position  and  had  the 
motion  possessed  by  these  companion-comets. 

We  close  the  chapter  with  a  few  remarks  upon  a  subject  which  has 
been  much  discussed. 

763.  The  Earth's  Danger  from  Comets.  —  It  has  been  soppoBed 
that  comets  might  do  us  harm  in  two  ways, — either  by  actaally  strik- 
ing the  earth,  or  by  falling  into  the  sun,  and  thus  producing  Bach  an 
increase  of  solar  heat  as  to  bum  us  up. 

As  regards  the  possibility  of  a  collision  with  a  comet,  it  is  to  be 
admitted  that  such  an  event  i^  possible.  In  fact,  if  the  earth  lasts 
long  enough,  it  is  practically  sure  to  happen ;  for  there  are  several 
comets'  orbits  which  pass  nearer  to  the  earth's  orbit  than  the  aemi* 
diameter  of  the  comet's  head,  and  at  some  time  the  earth  and  comet 
will  certainly  come  together.  Such  encounters  will,  however,  be  very 
rare.  If  we  accept  the  estimate  of  Babinet,  they  will  occor  aboat 
once  in  15,000000  years  in  the  long  run. 

As  to  the  consequence  of  such  a  collision  it  is  impossible  to  apeak 
with  confidence,  for  want  of  sure  knowledge  of  the  state  of  aggrega- 
tion of  the  matter  composing  a  comet.  If  the  theory  presented  in  this 
chapter  is  true,  everything  depends  on  the  size  of  the  separate  solid 
particles  which  foiiu  the  main  portion  of  the  comet's  mass.  If  they 
weigh  tons^  the  bombardment  experienced  by  the  earth  when  struck 
by  a  comet  would  be  a  very  serious  matter:  if,  as  seems  more 
likely,  they  are  for  the  most  part  smaller  than  pin-heads,  tiie  result 
would  be  simply  a  meteoric  shower. 

764.  Effect  of  the  Fall  of  a  Comet  into  the  Snn.  —  As  regards  the 

effect  of  t)ie  fall  of  a  comet  into  the  sun,  it  may  be  stated  that,  except 
in  the  case  of  Encke's  comet,  there  is  no  evidence  of  any  action  going 
on  tliat  would  cause  a  now  existing  periodic  comet  to  strike  the  san*8 
surface  ;  it  is,  however,  undoubtedly  possible  that  a  comet  may  enter 
the  system  from  without,  so  accurately  aimed  that  it  will  hit  the  sun. 
But,  if  a  comet  actually  strikes  the  sun,  it  is  not  likely  that  the  least 
harm  will  be  done.  If  a  comet,  having  a  mass  equal  to  loa^ooo  ^' 
the  earth's  mass,  were  to  strike  the  sun's  surface  with  the  parabolio 
velocity  of  nearly  400  miles  a  second,  it  would  generate  aboat  as 
much  heat  as  the  sun  radiates  in  eight  or  nine  hours.  If  this  were  all 
instantly  effective  in  producing  increased  radiation  at  the  8im*s  siUN 
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face  (increasing  it,  say  eightfold,  for  even  a  single  hour),  mischief 
would  follow,  of  course.  But  it  is  almost  certain  that  nothing  of  the 
sort  would  happen.  The  cometary  particles  would  pierce  the  photo- 
sphere, and  liberate  their  heat  mostly  below  the  »Aar  surface^  simply 
expanding,  by  some  slight  amount,  the  8un*s  diameter,  and  so  adding 
to  its  store  of  potential  energy  about  as  much  as  it  ordinarily  expendh 
in  a  few  hours.  There  might,  and  very  likely  would  be,  a  flash  of 
some  kind  at  the  solar  surface,  as  the  shower  of  cometary  particles 
struck  it,  but  probably  nothing  that  the  astronomer  would  not  take 
delight  in  watching. 
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(^HAPTER   XVIII. 

V55.  Meteors. — OccaBionally  bodies  fall  ou  the  earth  from  the 
skv,  —  masses  of  stone  oi*  iron  which  sometimes  weigh  several  tons. 
During  its  flight  through  the  sky  such  a  body  is  called  a  meteor^  and 
the  pieces  which  fall  from  it  are  called  meteorites^  or  aerolUes  (air- 
stones) ,  or  uranoliths  (heaven-stones) ,  or  simply  meteoric  dones, 

756.  Circumstances  of  their  Fall.  —  The  circumstances  which 
attend  the  fall  of  a  meteorite  arc  in  most  cases  substantially  as 
follows.  If  it  occurs  at  night  a  ball  of  fire  is  seen,  which  moves 
with  an  apparent  speed  depending  both  on  its  real  velocity  and  on  the 
observcr*s  position.  If  the  body  is  coming  '^  head  on,"  so  to  speak, 
the  motion  will  be  comparatively  slow ;  so  also  if  it  is  very  distant. 
Tiic  fire-ball  is  generally  followed  by  a  luminous  train,  which  marks 
out  the  path  of  the  body,  and  often  continues  visible  for  a  long  time 
after  the  meteor  itself  has  disappeared.  The  motion  is  seldom  exactly 
straight,  but  is  more  or  less  irregular,  and  every  here  and  there  along 
iU  path  the  meteor  seems  to  throw  off  fragments,  and  to  change  its 
course  more  or  less  abruptly.  If  the  observer  is  near  enough,  the 
flight  is  acc(mipanie<l  by  a  heavy,  continuous  roar,  accentuated 
by  sharp  detonations  which  accom[)any  the  visible  explosions  by 
which  fragments  are  burst  otf  from  the  principal  body.  The  noise 
is  sometimes  tremendous,  and  heard  for  distances  of  forty  or  fifty 
miles. 

If  the  fall  occurs  l»y  day  the  luminous  appearances  arc,  of  course, 
principally  wanting,  and  white  clouds  take  the  place  of  the  fire-ball 
and  the  train. 

757.  The  Aerolites  themselves.  —  The  mass  that  falls  is  sometimes 
a  single  piece,  but  more  usually  there  are  many  separate  fragments, 
sometimes  numbering  many  thousands.  In  such  cases  the  stones  are 
mostly  small,  and  sometimes  they  are  mere  grains  of  sand.  Nearly 
all  the  aerolites  that  are  actually  seen  to  fall,  and  are  fonnd  at  the  time, 
are  masses  of  sttnie ;  but  a  very  few,  perhaps  tluree  or  four  per  cent 
of  the  whole  number,  consist  of  nearly  pure  iron^  more  or  less  alloyed 


THE   AEROIJTEfi   THEMSELVES.  431 

with  nickel.  There  are  also  a  good  many  canes  of  uranoliths,  which 
are  mainly  Ktony,  but  have  a  coubiderable  }K>rtiou  of  iron  dissemi- 
iiatcd  through  the  niiiHs  in  grains  and  globules ;  and  nearly  all  the 
>t(>ny  uranoliths  contain  as  much  as  twenty  or  thirty  per  cent  of  iron 
in  the  form  of  sulphides  or  analogous  comi)OUQd8. 

758.  Th«  only  Iron  viftfors  which  have  been  nctunlly  seen  to  fall  »o  far, 
aiitl  iin'  ivprt'sciit^'d  by  siKriiiieiih  in  our  nium^uniM,  are  the  following:  — 

(1)  Aj;rain,  Bohemia, 1751. 

(2)  Diokson  Co.,  Tenneswee, \K\fi. 

(;>)  Hraunau,  Ik>hemia, 1H47. 

(1)  Tabarz,  Saxony, 1H.V4. 

(o)  NVjod,  Arabia, 1805. 

(<»)  NtMhigollah,  India, 1870. 

(7)  Maysville,  California, 187:J. 

(H)  Howton,  ShropHhire,  England, 1876. 

(J))  Knnnett  Co.,  Iowa ....  187ft. 

(10)  Mazapil,  Mexico Nov.  27,  1H8.'». 

(11)  Johnson  Co.,  ArkausaM, .     .     1880. 

'flic  KinMieti  County  iron  wa.s  mostly  in  small  fragments,  and  along  with 
ilifiii  llirr*'  were  many  large  stones  with  tpiantities  of  iron  included.  The 
x'parate  fraj^nients  of  pure  iron  which  reache<l  the  earth  probably  canio  bv 
tlie  breaking  up  of  the  stony  mas.ses. 

He>i<les  these  iron  meteors  which  have  Im'CU  m'cu  to  fall,  *»ur  «:ibinets 
(ontain  a  very  large  numl>er  of  >o-i*alled  mi'teoric  iron.s;  i.**.,  nm>s4*.N  «>f  iron 
toiunl  under  Mich  circumstances  that  they  cannot  ejisilv  l>e  acct>unted  for  in 
any  way  except  by  >upi>using  them  to  Ik*  of  meteoric  origin. 

769.  1  h''  huiiiImt  of  inet«'orites  which  have  fallen  since  Inoo  and 
Ineii  .;.itliered  into  our  cabinets*  is  alnMit  ^.'jO.  The  m»»t  remarkable 
tiilN  in  the  I'liited  States  have  U-en  the  six  following:  nauiely.  Weston, 
(  nimrcticut,  ls<»7;  Bishop>ville,  So.  Carolina,  1H1:J ;  Cabarrus  Co.,  No. 
Caroliiia.  1819;  Ni'w  Concord,  Ohio,  iNtO;  .\nuuia,  Iowa,  1>^7.'»;  and  Km- 
ni«'tt  Co.,  Iowa,  ls7!».  In  flie  first  cii.se  and  the  three  last,  s«»\<*ral  hundnMl 
fra^iiient^  fell  at  the  same  time,  ranging  in  size  from  five  hundred  |)ouuds 
to  half  an  ounce. 

760.  '1  'It  iitiijonr  of  the  sixty-M'ven  known  <'heniical  rltmtuis  have 
1h.ii     l^)iiinl    in    meteors,    ami    not    a    >ingle    new    <»ne.       The    mmtniU   of 


•  In  this  country  ilie  cabinets  of  Amherst  Colle^je  and  Harvanl  ami  Yale 
I  niversitie>  are  (■>iH'cially  rich  in  meteorites.  The  tine»(  collection  in  the  worhl, 
iiowt  vcr,  J!*  that  at  Vienn.i.  The  collection  of  the  Britifh  Mu«euui  i^  aUu  note- 
worthy, U8  well  2A  that  at  Paris. 


which  motPoriteR  are  composed  present  a  great  remmblance  to  terrestrial 
iiiineraU  of  volcanic  origin,  but 
many  of  thein  are  peculiar,  and 
fouiij  ill  meteors  only.  (Tha 
study  of  these  meteoric  min- 
erals is  a  very  curious  aud  im- 
{lortaiit  branch  of  mineralogy, 
thougli  naturally  it  has  not 
many  votaries.)  The  occaaional 
presence  of  carlioii  is  to  be  spe- 
cially noted,  and  in  a  niet«or 
which  recently  fell  in  Russia  the 
cnrbon  appeared  to  be  in  a  crya- 
tulline  form,  identical  with  tJie 
block  diamond,  though  in  ex- 
ceedingly ininut«  particles.  Fig. 
'209  is  from  a  phot<^raph  of  a 
fragment  of  one  of  the  meteoric 
stones  which  fell  at  Ainana,  Iowa, 
in  1873.  The  picture  ia  tak«ii 
by  the  permission  of  tlie  pub- 
lishers from  Professor  Langley'a 
''New  Astronomy,"  «)iare  tha 
Kiu.  9».  body  is  designated  as  "  ]>art  of  a 

FcngDiaDt  of  one  ot  Ibe  Amua  Uet«rtc  HtooH.        comet." 

761.  The  CnuL  —  The  most  ctiaractcrietic  external  feature  of  an 
aerolite  is  the  thin,  black  crust  that  covers  it,  usually,  but  not  always, 
glossy  like  n  varnish.  It  is  formed  bv  the  fusion  of  the  surface  ia  the 
meteor's  swift  motion  through  the  air,  and  iu  some  coses  penetrates 
deeply  into  the  matte  of  the  meteor  through  fissures  and  veins.  It  is 
largely  comiKtsed  of  o.^idc  of  iron,  and  is  always  etroi^ly  magnetic. 
The  crusted  surfnce  usunllji  exhibits  pits  and  hollowu,  auch  as  would 
be  produceil  by  thnisting  the  thumb  into  a  mass  of  putty.  Tbeae 
cavities  are  explaiucd  liv  the  burning  out  of  certain  more  fusible  sab- 
stances  during  the  meteor's  flight. 

762.  Hagnitnde.  —  Of  the  meteors  actually  seen  to  fall  the  largest 
pieces  found  thus  far  weigli  ulwut  AOO  jjounds,  though  the  whole  mau 
of  the  Ixidy  when  it  lirst  entered  the  atmosphere  has  sometimes  been 
much  larger,  perlinps,  in  n  few  cases,  amounting  to  two  or  three  tons.* 


)  Some  of  llic  miMei  of  iron  laii/iaird  to  be  of  inolcoric  origin,  bnt  not  actBatlT 
leon  to  fall,  arc  rcry  much  larfcer.  Tlic  iron  maM  from  Qtnmpa  In  Uezico  i*  aaM 
to  wtigh  fully  liilei-ii  tons.     As  regmrds  ■oini>  of  Iheie  hypothetical  n    " 
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As  seen  from  a  distance  of  many  miles,  tiie  meteoric  fire-ball  some- 
times appears  to  have  a  diameter  as  large  as  the  moon,  which  would 
indicate  a  real  diameter  of  several  hundred  feet.  The  great  apparent 
size,  however,  is  an  illusion,  partly  due  to  irradiation,  and  partly, 
iin<l(uiht4'(lly,  to  the  fact  that  the  meteor  itself  is  surrounded  by  an 
«*\tensive  envelope  of  heated  air  and  smoke  whicli  beoomes  luminous 
throughout.  No  meteor  ever  yet  investigated  would  make  a  mass  as 
large  as  ten  feet  in  diameter. 

763.  Path.  —  When  a  meteor  has  been  observed  bv  a  number  of 
[)ersoiis  at  different  }mniH^  who  have  noted  an}'  data  which  will  pve 
its  altitude  and  1>earing  at  identified  moments,  the  path  can  be  com- 
puted. Olmervations  from  a  single  point  arc  worthless  for  the  pur- 
pose, since  they  can  give  no  information  as  to  the  meteor's  distance. 

The  meteor  is  generally  first  seen  at  an  altitude  of  between  ei^ty 
and  KM)  miles,  and  disappears  at  an  altitude  of  between  five  and  ten 
miles.  The  length  of  the  path  may  be  anywhere  from  50  miles  to 
.')0(),  according  to  its  inclination  to  tlie  earth's  surface.  The  velocity 
is  rather  difficult  to  ascertain,  but  is  found  to  range  from  ten  to  forty 
miles  per  second  at  the  moment  when  the  meteor  first  l)ecomes  visible, 
and  diminishes  to  one  or  two  miles  per  second,  at  the  time  when  it 
disappears.  The  averafje  vehH'ity  with  which  meteors  enter  tlie 
atmosphere  api)oar»  not  to  vary  nmch  from  the  *'  paralwlic  velocity  '* 
of  twenty-six  miles  |>er  second,  duo  to  the  sun's  attraction  at  the 
earth's  distance  —  a  fact  which,  of  course,  indicates  that  these  bodies. 
whatever  their  orijrin  may  be,  are  now  moving  in  space,  like  the  comets. 
mider  the  sun's  attraction. 

Witli  iKissihly  a  vt»ry  few  except  ions  in  casps  where  the  meteor  ifiunees, 
^o  tn  sjNMk,  on  tht>  enrtir.s  atmosphere,  like  a  skipping-stone  on  water,  a 
IhmIv  wliirli  has  once  entenul  the  air  \s  hufp  to  l>e  bnaight  to  the  ground: 
it  is  iiurdly  )>ossihle  that  ont*  niet«H>r  in  a  million  should  escape  after  becom- 
iii)r  iiivolvtMl  in  the  atmosphere.  We  mention  this  esjiecially,  because  some 
;tuth(>ritit*s  erroneously  s])eak  of  it  iks  a  usual  thing  for  the  meteor  to  keep 
nil  its  r(uirs(\  and  leave  the  earth,  after  throwing  off  a  few  fragments. 

764.  Observation  of  Metaon.  —  The  object  of  the  observation 
>^honl<l  he  to  obtain  accurate  estimates  of  the  altitude  and  azimuth  of 
the  IkmIv  at  moments  which  can  l)e  identified.     At  night  this  is  l>ettt 


hout  \t  r,  tlitir  nu'ti-oric  (»ri}ftn  i*  niort>  than  quettionablv ;  »uch,  for  instance,  it 
ttif  ( uoi'  v^ith  the  Ovifmk  iron  found  by  Nordeotkiold  on  the  coast  of  Gretrnlaiidy 
uit<l  exhihitod  at  the  Philadelphia  Centennial  Exhibition. 
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done  by  noting  the  position  of  tlie  meteor  with  reference  to  neighbor- 
ing stars  at  the  moments  of  its  appearance  and  disappearance,  or  of 
the  intervening  explosions.  In  the  daytime  it  can  often  be  done  by 
noting  the  i)osition  of  tlie  object  with  reference  to  trees  or  buildings. 
The  observer  should  then  mark  the  exact  position  where  he  is  standing, 
Ko  that  by  going  there  afterwards  witli  proper  instruments  he  can 
deterniiiic  the  data  desired. 

Of  course,  all  such  measurements  must  Ik*  given  in  angular  units.  To 
si>eiik  of  a  meteor  as  having  an  ahitu(l(»  of  twenty /^W,  antl  pursuing  a  path 
\i)()  fftt  loni^,  is  meaningless,  unless  the  size  of  the  "foot"  is  somehow 
defined. 

The  determination  of  the  met(»or*s  vehK^ity  is  more  diflicult,  as  it 
is  seldom  jmssible  to  look  at  :i  watch- face  quickly  enough,  even  in 
the  daytime.  The  usual  course  is  for  the  observer  to  repeat  some 
familiar  piece  of  doggerel  as  rapidly  as  possible,  beginning  wlien  the 
object  first  becomes  visible  and  stopping  when  it  explodes  or  di8a|>- 
[)ears,  noting  also  the  precise  syllable  where  he  stops.  By  re|>eating 
the  same  sentence  over  again  before  a  clock  it  is  possible  to  deter- 
mine within  a  few  tenths  of  a  second  the  time  occupied  by  the 
meteor's  flight. 

765.   Explanation  of  the  Heat  and  Light  of  a  Meteor. — These 

tire  due  simply  to  tlic  destruction  of  the  bmly's  velocity  ;  its  kinetic 
mass-eneiirv  of  motion  is  transformed  into  heat  bv  the  friction  of  the 
Mir.  If  a  moving  body  whose  mass  is  Jf  kilograms,  and  its  velocity 
V  metres  per  secontl,  is  stoppe<l,  the  numl)er  of  calories  of  heat 
developed  is  given  by  the  equation 

M  V- 

r^  =  ^'' V(Art.  :{:i4). 

The  quantity  of  heat  evolved  in  bringing  to  rest  a  Ixxly  which  has  a 
velocitv  of  fortv-two  kiU)metres,  or  twentv-six  miles  a  second,  isenor- 
nioKs,  vastly  more  than  sullicient  to  fuse  it  even  if  it  were  made  of 
tlu»  most  refractory  material,  and  hundreds  of  times  more  than  would 
be  produced  by  its  combustion  in  oxvgen  if  it  were  a  mass  of  coal. 

This  heat  is  develoj)*»(l  all  along  the  meteor's  course,  and  mostly  Just 
upon  its  surface.  As  Sir  William  Tlunnson  has  shown,  the  thermal 
effect  of  the  rush  throutjh  the  air  is  the  same  as  if  the  meteor  irere 
liHiurrsrd  In  <r  h/otr-pfpe  ^fftime  having  a  temperature  of  many  thou- 
sand degrees  ;  and  it  is  to  be  noted  that  this  temperature  ia  indepen^ 
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(lent  of  the  densittj  of  the  air  throngb  which  the  meteor  may  be  passing. 
The  (juantityofheat  developed  in  a  given  time  is  greater,  of  course, 
where  tlie  air  is  dense  ;  l)ut  the  tempercUure  produced  in  the  air  itself, 
:it  the  surface  where  it  rubs  against  the  moving  body,  is  the  same 
wliether  the  gas  be  dense  or  rare. 

When  a  moving  hcxiy  ha«  a  velocity  ot  about  1500  metres  per  second, 
the  virtual  t4*mi)erature  of  the  surrounding  air  is  about  that  of  red  heat;  if.. 
tli«*  body  l>ecoineM  heated  as  last  as  it  would  if  it  were  at  rest  and  the  air 
al>out  it  w(*re  heated  to  that  temperature.  When  the  velocity  reaches  twenty 
or  tliirt y  miles  ]>er  second,  it  is  licted  uiion  as  if  the  surrounding  gas  were 
lit'ated  to  the  liveliest  incandescence  at  a  tem])erature  of  several  thousand 
(Irgn'cs.  Tht*  surface  is  fused,  and  the  li(iuefied  portion  is  continually 
.swfpt  off  by  the  rush  of  the  air,  condensing  as  it  cools  into  the  luminous 
{Kiwder  that  forms  the  train.  The  fuse<l  surface  itself  is  continually 
n-m-NVHil  until  tlie  velo<*itv  falls  below  two  miles  a  second  or  thereabouts, 
when  it  solidities  and  forms  the  characteristic  crust.  As  a  general  rule, 
therefon\  the  fragments  are  hot  if  found  soon  after  their  fall;  but  if  the 
stone  is  a  large  one  and  falls  nearly  vertically,  so  as  to  have  but  a  short  path 
through  the  air,  the  heating  effect  will  l>e  mainly  confined  to  its  surface ;  and 
o\ving  to  the  low  conducting  power  of  stone,  tlu*  cmtre  nuiy  still  remain 
int*'ii><oly  cohU  rt^taining  nearly  the  tenqierature  which  it  had  in  interplane- 
tary s|nioc.  It  is  recorded  that  one  of  the  large  fragments  of  the  Dhurmsala 
(India)  meteorite,  which  fell  in  1800,  was  found  in  moist  earth  half  an  hour 
or  so  after  tht»  fall,  conud  with  icf. 

766.  Train. — One  nnexplaine<l  feature  of  meteoric  trains  de- 
serves notice.  They  often  remain  luminous  for  a  long  time,  some- 
times as  nmch  as  half  an  hour,  and  are  carrieil  bv  the  wind  like 
clouds.  It  is  ini|K>ssible  to  sup|K>se  that  such  a  cloud  of  dust  remains 
inriiiKh'srtnt  from  heat  for  so  long  a  time  in  Uie  cold  upper  regions  of 
the  atmosphere  ;  and  the  question  of  its  enduriug  luminosity  or  phos- 
phorescence is  an  interesting  and  puzzling  one. 

767.  Origin.  —  Wo  may  at  once  dismiss  the  theories  which  make 
meteors  to  l)e  tlie  immeilinte  pnnluct  of  volcanic  eruption  on  tlie 
earth  <^»r  on  the  moon.  They  come  to  us  for  the  most  part,  as  has 
been  sai<l,  from  the  <lepths  of  space,  with  the  velocity  of  planets  and 
(Munets.  and  there  is  nocH^rtain  reason  for  assuming  that  they  originated 
in  any  manner  different  from  the  larger  heavenly  bodies. 

At  the  sam*>  time,  nmnv  of  them  so  ch>H<*lv  resemble  each  other  as  almost 
to  i>oni|vl  the  idea  of  some  common  Simrce;  and  though  lunar  volcanoes  are 
now  ejLtin«t,  and  nu  terrestrial  volcano,  not  ewn  Kriikatao,  is  now competeni 
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to  send  oif  its  ejected  iniKsiles  through  the  earth's  atmosphere  into  space, 
it  is  not  certain  that  this  was  always  so.  Some  still  maintain  that  these 
bodies  may  be  fragments  which  were  shot  off  millions  of  years  ago  when  the 
moon's  volcanoes  were  in  full  vigor  and  the  earth  was  young.  Since  then, 
according  to  this  view,  these  masses  have  been  travelling  around  the  snn  in 
long  ellipses  which  intersect  the  orbit  of  the  earth,  until  at  last  they  happen 
to  come  along  at  the  right  time  and  encoimter  her  surface,  and  so  return  to 
the  old  home. 

As  to  the  iron  meteors,  some  maintain  that  they  are  masses  which  have 
been  ejected  from  our  sun,  or  from  some  other  star;  and  they  fortify  their 
opinion  by  the  remarkable  but  unquestionable  fact  that  these  meteoric  irons 
are  full  of  "occ/w^W  hydrogen  and  carbon  oxides  which  can  be  extracted 
from  them  by  heating  them  in  a  proper  receptacle  connected  with  a  mer- 
curial pump.  They  argue  that  these  gases  could  have  been  absorbed  by 
the  iron  only  when  it  was  in  the  liquid  state  and  overlaid  by  a  dense,  hot 
atmosphere  containing  them;  and  that,  they  say,  is  just  the  condition  of  the 
minute  drops  of  iron  which  are  supposed  to  form  part  of  the  photosphere  of 
the  sun :  uix>n  our  sun  or  in  some  other  sun  only  could  such  conditions  be 
found.  There  is  no  (piestion  of  the  sun*s  ability  to  project  masses  to  plan* 
etary  distances,  as  shown  by  the  chromospheric  eruptions  which  have  been 
rejwatedly  ol)served  by  students  of  solar  physics.  And  if  our  sun  can  do 
this,  it  is  natural  to  suppose  that  other  suns  can  do  it  also. 

However  these  bodies  originated,  it  is  quite  certain  that  before  they 
reach  the  earth  they  have  been  moving  independently  In  space  for  along 
ti  me.  just  as  planets  and  comets  do.  But  a  receut  important  research  by 
I'rofessor  Newton  has  shown  that  more  than  90  percent  of  some  200 
:hTolites,  for  the  approximate  determination  of  whose  paths  we  have  the 
data,  were  moving  before  their  fall  in  orbits,  not  parabolic,  bat  analo- 
<^ou8  to  those  of  the  short- period  comets ;  and  direct^  not  retrograde. 

768.  Detonating  Meteors,  or  *' Bolides,**  of  which  Fragments  an 
not  known  to  reach  the  Earth.  —  Some  writers  discriminate  between 
these  meteors  and  aerolites,  but  the  distinction  does  not  seem  to  be 
well  founded.  The  phenomena  appear  to  lie  precisely  the  same,  except 
tliat  in  the  one  case  the  fragments  arc  actually  found,  and  in  the  other 
they  fall  into  the  sea,  the  forest,  or  the  desert ;  or  sometunes  when  the 
path  is  nearly  horizontal,  and  therefore  long,  they  may  be  consumed 
and  dissipated  in  the  dust  and  vapor  of  the  train,  without  reaching 
the  eartii*s  surface  at  all,  except  ultimately  as  impalpable  dust. 

769.  Number.  —  As  to  the  number  of  aerolites  which  strike  the 
earth,  it  is  ditlicult  to  make  a  trustworthy  estimate.  Since  the 
begiuniug  of  the  century*  at  least  two  or  three  have  been  aeen  to 
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fall  everv  vcar,  and  have  been  added  to  onr  cabinets  (see  Art. 
7o<)),  —  in  some  years  as  many  as  half  a  dozen.  This,  of  course, 
implies  a  vastly  greater  number  which  are  not  seen,  or  are  not 
fotiiid.  Schreibers,  some  years  ago,  estimated  the  number  as  high 
as  TOO  a  year,  and  Reichenbach  sets  it  still  higher  —  not  lesa  than 
:J0O0  or  4(XM). 

SHOOTIXCi   STARS. 

770.  A  few  minutes*  watching  on  any  clear,  moonless  night  will 
l»e  Hiiro  to  reveal  one  or  more  of  the  swiftly  moving,  evanescent 
)M>int8  of  light  that  are  known  as  ^*  shooting  stars."  No  sound  is 
rver  heard  from  them,  nor  (with  a  single  exception  to  be  mentioned 
further  on)  has  anything  ever  been  known  to  reach  the  earth's  sur- 
face from  tliom,  not  even  when  the  sky  was  ^'  as  full  of  them  as  of 
snow-flakes/*  as  sometimes  has  hap|)ened  in  a  great  meteoric  shower. 
For  this  reason  it  is  perhaps  justifiable  to  allow  tlie  old  distinction  to 
remain  between  them  and  the  bodies  we  have  l)een  discussing,  at 
least  provisionally.  The  difference  may  6^,  and  according  to  opinion 
at  present  prevalent  very  probably  is,  merely  one  of  size,  like  that 
between  l^oulders  and  grains  of  sand.  Still  there  are  some  reasons 
for  snpi)osing  that  there  is  also  a  di(Teren<*e  of  constitution,  —  that 
while  the  aerolite  is  a  solid,  compact  mass,  the  shooting  star  is  a 
little  cloud  of  dust  and  intermingled  gas,  like  a  puff  of  smoke. 

771.  Nambert. — The  number  of  these  IkkUcs  is  very  great.  A 
single  watcher  sees  on  the  average  from  four  to  eight  hourly.  If 
ohservers  enough  are  employed  to  guard  the  whole  sky,  so  that 
none  can  eseaiK!  unnoticeil,  the  visible  numlier  becomes  from  thirty 
to  sixty  an  hour.  Since  ordinarily  only  those  are  seen  which  are 
within  two  or  three  hundred  miles  of  the  observer,  the  estimated 
total  daily  numl>er  of  those  which  enter  the  earth's  atmosphere,  and 
are  large  enough  to  l>e  visible  to  the  naked  eye,  rises  into  the  mill- 
ions. Pi-ofesHor  Newton  sete  it  at  from  10,(HM)000  to  15,000000,  the 
average  distance  l>etween  them  being  aliout  200  miles. 

Ihcre  i*^  a  still  larger  iiumlwr  too  Hmall  to  Ik*  Keen  with  the  nake«l  rve. 
<  Mip  hardly  «»ver  workn  many  hours  with  a  tele}iCO|>e  carrying  a  low  power. 
.tml  having  a  field  of  view  iiA  largo  as  l.V  in  diameter,  without  seeing  M»veral 
nf  thrill  flash  acros8  the  fiehl.  In  a  few  instances  ob8er%*ers  have  reported 
'lark-  tnffrorx  crossing  the  moon's  disc  while  they  were  watching  it.  There 
may  \h}  some  <|uestion,  however,  as  to  the  real  nature  of  the  objects  seen  in 
Mich  a  ca.«<o.     Binls  (?). 
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772.  Comparative  Number  in  Morning  and  Evening. — The  hourly 

number  about  six  o'clock  in  the  morning  is  fully  doable  the  hourly 
number  in  the  evening.  The  obvious  reason  is  simply  that  in  the 
morning  we  ai*e  on  the  front  of  the  earthy  as  regards  its  orbital 
motion,  while  in  the  evening  we  are  in  the  rear ;  in  the  evening  we 
only  see  such  meteors  as  overtake  us ;  in  the  morning  we  see  all  that 
we  either  meet  or  overtake.  If  they  are  really  moving  in  all  direc- 
tions alike,  with  the  parabolic  velocity  corresponding  to  the  earth's 
distance  from  the  sun  (twenty-six  miles  per  second) ,  theory  indicates 
that  the  relative  hourly  numbers  for  morning  and  evening  ought  to 
be  in  just  the  observed  propoition. 

773.  Brightness.  —  For  the  most  pai*t  these  bodies  are  much  like 
the  stars  in  brightness,  —  a  few  are  as  brilliant  as  Venus  or  Jupiter ; 
more  are  like  stars  of  the  first  magnitude ;  and  tli^  majority  are  like 
the  smaller  stars.  The  bright  ones  not  unfrequently  show  trains 
which  sometimes  last  from  five  to  ten  minutes,  when  they  are  folded 
up  and  wafted  away  by  the  winds  of  the  upjKir  air.* 

774.  Elevation,  Path,  and  Velocity.  —  By  observations  made  by 
two  or  more  observers  thirty  or  forty  miles  apart,  it  is  possible  to 
determine  the  height,  path,  and  velocity  of  these  IxKlies.  It  is  found 
as  the  result  of  a  great  number  of  such  observations  that  they  first 
appear  at  an  average  elevation  of  about  seventy-four  miles^  and  dis- 
appear at  an  average  height  of  alx)ut  fifty  miles ^  after  traversing  a 
distance  of  forty  or  fifty  wiiV&s,  with  an  average  velocit}'  of  about 
twenty 'five  miles  per  second.  They  do  not  b^in  to  be  visiUe  at  so 
great  an  elevation  as  the  aerolitic  meteors,  and  they  vanish  before 
they  penetrate  so  deeply  into  the  atmosphere. 

775.  Materials.  —  Occasionally  it  has  been  possible  to  catdi  a 
glimpse  of  the  spectrum  of  one  of  the  brighter  shooting  stars,  and 
the  lines  of  sodium  and  magnesium  (probably)  are  quite  conspicuous, 
along  with  some  other  lines  which  cannot  be  securely  identified  by 
such  a  hiisty  glance. 

As  these  bo<iies  are  com})letely  burned  up  before  they  readi  the 
earth,  all  we  can  ever  ho[)e  to  get  of  their  material  is  the  product 
of  the  combustion.  In  most  places  the  collection  and  identifica- 
tion of  this   meteoric  ashes   is,  of  course,  hopeless:  bat  N(Mden- 


^  These  air  currentB,  at  an  eievatiuii  of  furty  miles  above  the  earth's  tnrimot^ 
are  thus  observed  to  tiave,  ordinarily,  velocities  of  from  fifty  to  •eventy-fife 
per  liour. 
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skiold  lias  thought  he  might  tiiul  it  iu  [hAiw  snows,  and  others  have 
thuii<{ht  it  might  l>e  found  iu  the  material  dredged  up  from  the 
bottom  of  tlie  ocean.  In  fact,  the  Swedish  naturalist,  by  melting 
several  tons  of  Spitzbergen  snow  and  filtering  the  water,  did  find  in 
it  a  sediment  containing  minute  globules  of  oxide  and  sulphide  of 
iron  :  similar  globules  are  also  found  in  the  products  of  deep  sea 
dredging.  These  mttf/  be  meteoric  ashes;  but  what  we  have  lately 
learned  from  KrakatAo  of  the  distance  to  which  smoke  and  fine 
voleanic  dust  is  carried  by  the  winds,  makes  it  quite  possible  that 
the  suspeeted  material  is  purely  terrestrial  in  it^^  origin. 

776.  Probable  Mass  of  Shooting  fttars.  —  We  have  no  very  ceilain 
nuans  of  getting  at  this.  \Ve  can,  however,  fix  a  provisional  value 
////  iH'dus  of  the  ((mount  of  litjht  they  tjice.  l*hotometric  comparisons 
between  a  standard  star  and  a  meteor,  when  we  know  the  meteor's  dis- 
tance and  the  diu*ation  of  its  flight,  enable  us  to  asc*ertaiD  how  the  total 
amount  of  light  emitted  by  it  compares  with  that  given  by  a  standard 
candle  shining  for  one  minute.  Now,  according  to  detenninations 
nnulc  some  thirty  years  ago  by  Thomson  at  Coi>enbagen,  (which 
ought  to  !)e  repeated,)  the  litjht  f/ic^u  by  a  standard  candle  in  a  min- 
ntr  is  eijufvident  to  olnnd  ttrelce  frnt-jHtHnds  if  enenjy.  This  excludes 
all  the  energy  of  the  dark,  invisible  radiation  of  the  candle.  Our 
observations  of  tlie  meteor  give  us,  therefore,  its  total  Inminons  enetyy 
in  f<M)t-iK)unds ;  and  if  the  whole  of  the  meteor's  energy  ap|)eare<l  as 
light,  then,  since  Knertjy  =  \MV'\  we  coidd  at  once  get  its  mass  by 
dividing  twice  tiiis  luminous  energy  by  the  s(piare  of  the  meteor's 
vilocity.  Since,  however,  only  a  small  |K)rtion  of  the  meteor's 
wlioU'  (>iiergy  is  transformed  into  light,  the  mass  obtained  in  this 
way  would  be  too  small,  and  must  be  multipliiHl  by  a  factor  which 
expresses  the  ratio  Iwtween  the  total  energy  and  that  which  is  purely 
hniiinnns.  It  is  not  likelv  that  this  factor  exceeds  one  hundreds  or  [> 
Itss  than  ten^  though  on  this  i)oint  we  very  much  uee<l  infonnation. 
Assuming  the  largest  value,  however,  for  this  factor,  the  photometric 
(>b^ervations  made  in  I8r>r>  and  IHCtl  bv  Professors  Neweomb  and 
Ilarkness  (stationed  res|X'ctively  at  Washington  and  Richmond). 
^Ii(n\ed  that  the  majority  of  the  meteor>of  those  star-showers  weighetl 
'  S.N  t/mn  a  sinfjle  fjrain.  The  largest  of  them  did  not  reach  1U(>  grains. 
Ml  aUnit  a  (piarter  of  an  ounce. 

777.  Growth  of  the  Earth.  — Since  the  earth  (in  fact.  ever>-  planet) 
i-  thus  coiitinuiilly  rtveiving  niet(*<>ne  matter,  and  tending  nothing  away 
JroMi  it.  it  mti:(f  ht   ronstunily  yroicintj  largtr :  but  thi>  growth  18  extremely 
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insignificant.  The  meteoric  matter  received  daily  by  the  earth,  if  we  accept 
one  grain  as  the  average  weight  of  a  shooting  star,  would  be  only  about 
a  ton,  after  making  a  reasonable  addition  for  occasional  aerolites.  If  wa 
multiply  this  estimate  by  one  hundred,  it  certainly  will  be  exceedingly 
liberal,  and  at  that  rate  the  amount  received  by  the  earth  in  a  year  would 
amount  to  the  very  respectable  figure  of  36,500  tons ;  and  yet,  even  at  this 
rate,  assuming  the  specific  gravity  of  the  average  meteor  as  tliree  tiroes  that 
of  water,  it  would  take  about  1000,000000  years  to  accumulate  a  layer  one 
inch  thick  over  the  earth's  surface, 

778.  Effect  on  the  Earth's  Orbit.  —  Theoretically,  the  encounter  of 

the  earth  with  meteors  must  shorten  tjie  year  in  three  distinct  ways :  — 

First.  By  acting  as  a  resisting  medium,  and  so  diminishing  the  size 
of  the  earth's  orbit,  and  indirectly  accelerating  its  motion,  in  the  same 
manner  as  is  supposed  to  happen  with  Encke*s  comet. 

Second.  By  increasing  the  attraction  between  the  earth  and  the  sun 
through  the  increase  of  their  masses. 

Third.  By  lengthening  the  day — the  earth's  rotation  being  made  slower 
by  the  increase  of  its  diameter,  so  that  the  year  will  contain  a  smaller  num- 
ber of  days. 

The  whole  eifect,  however,  of  the  three  causes  combined,  does  not  amount 
to  j^  of  a  second  in  a  million  of  years.  The  diminution  of  the  earth's 
distance  from  the  sun,  assuming  that  one  hundred  tons  of  meteoric  matter 
fall  daily,  and  also  assuming  that  the  meteors  are  moving  equally  in  all 
directions  with  the  parabolic  velocity  of  twenty-six  miles  per  second,  comes 
out  about  39  ]iji(f  of  an  inch  per  annum. 

Theoretically,  also,  the  same  meteoric  action  should  produce  a  shortening 
of  the  tnonthy  and  Oppolzer  investigated  the  subject  a  few  years  ago,  to  see 
what  amount  of  meteoric  matter  would  account  for  the  observed  lunar  acceU 
eration  (Art.  450).  He  found  that  it  would  require  an  amount  immensely 
greater  than  really  falls. 

779.  Meteoric  Heat:  Effect  of  Meteors  on  the  Transparenoj  of 

Space.  —  Of  course  each  meteor  brings  to  the  earth  a  certain  amount  of  Aeol 
developed  in  the  destruction  of  its  motion;  and  at  one  time  it  was  thought 
that  a  very  considerable  percentage  of  the  total  heat  received  by  the  earth 
might  be  derived  from  this  source  (See  Art.  355,  (2)  ).  Assuming,  how- 
ever, as  before,  the  fall  of  one  hundred  tons  of  meteoric  matter  daily  with 
an  average  velocity  of  twenty  miles  per  second  relative  to  the  earth,  the 
whole  amount  of  heat  comes  out  about  ^j^^  caloric  per  annum  for  each  square 
metre  of  the  earth *s  surface  —  iis  much  in  a  year  as  the  sun  imparts  to  the 
same  surface  in  about  one-tenth  of  a  second. 

One  other  effect  of  meteoric  matter  in  space  should  be  alluded  to.    It 
must  necessarily  render  space   imperfectly  transparent,  like  a  thin 
Less  light  reaches  us  from  a  remote  star  than  if  the  meteors  were  absent. 
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7S0.  Meteoric  Showeri.  —  At  certain  times  the  shooting  Btars, 
iiiHtcad  of  aj>|>earint(  here  and  there  in  tlie  sky  at  intervale  of  several 
minutcB,  and  moving  in  all  directions,  appear  by  thousands,  and  even 
himdretls  of  thousands,  for  a  few  hours. 

Thp  Radiant.  —  At  such  times  they  do  not  move  without  system  ; 
but  they  all  appear  to  diverge  or  "  radiate  "  from  one  point  in  the 
»ky  :  that  is,  their  paths  produced  backward  all  intersect  at  a  i-ommon 
|>uint  (or  nearly  so) .  which  is  called  "  the  radiant."  As  an  old  lady 
expressed  it.  in  8[)eaking  of  the  meteoric  shower  of  I833,"Tho  sky 
looked  like  u  great  umbrella."  The  meteors  which  appear  near  the 
i-niliani  arc  stationary,  or  have  paths  extremely  short,  while  those 
ivliirli  niipear  nt  a  distance  from  it  have  long  courses.     The  radiant 


i.i-<'p!i  iu  [ilace  among  tlie  stars  unehauge<l.  during  the  wliolc  contina- 
niice  of  tlie  shower,  and  the  shower  is  named  accordingly.  Tims  we 
linvc  Ihe  meteor  shower  of  the  "  LeoMd»"  whoee  radiant  is  in  the 
I  >itistcll.i(ion  of  l.eo:  similarly  tlic  *■  .iHrfromMlfJi"  (or  Bielids),  the 
■  I'l'ri'piih."  the  •■  fiVmiiitWji,"  the  "  Lyrids,"  etc.  Fig.  210  is  a  chart 
i)f  Ihe  Iraikn  of  meteors  observed  on  the  D^ht  of  Nov.  13,  IRfifi, 
Hhowing  the  radiant  near  C  Ijeonis. 
The  simple  explanation  is  that  the  radiant  is  purely  an  effect  of 
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perspective.  The  meteors  are  really  moving,  relatively  to  the  ob- 
server, in  lines  which  are  sensibly  straight  and  parallel,  as  are  also 
the  tracks  of  light  which  they  leave  in  the  au\  Hence  they  all  seem 
to  diverge  from  one  and  the  same  perspective  ^^  vanishing  point."  The 
])osition  of  tlie  radiant  depends  entirely  uix>n  the  direction  of  the 
meteor's  motion  relative  to  the  earth. 

On  account  of  the  irregular  form  of  the  meteoric  particles,  tiiey  are 
deflected  a  little  one  way  or  the  other  hy  the  air,  so  tliat  tlieir  paths 
do  not  intei*sect  at  an  absolute  point ;  neither  is  it  likely  that  before 
they  enter  the  air  their  paths  are  exactly  parallel.  The  consequence 
is  that  the  radiant,  instead  of  being  a  ix)iut,  is  an  area  of  some  little 
size,  usually  less  than  2^  in  diameter. 

781.  Probably  the  most  remarkable  of  all  meteoric  showers  that  ever 
occurred  was  that  which  appeared  in  the  United  States  on  Nov.  12,  1833, 
in  the  early  morning  —  a  shower  of  Leonids.  The  number  that  fell  in 
the  five  or  six  liours  during  which  the  shower  lasted  was  estimated  at 
Boston  as  fully  250,000.  A  competent  observer  declared  that** he  never 
saw  snow-flakes  thicker  in  a  storm  than  were  the  meteors  in  the  sky  m( 
some  moments."  No  sound  was  heard,  nor  was  any  particle  known  to 
reach  the  earth. 

782.  Dates  of  Showers.  —  Since  the  meteor-swarm  pursues  a  reg^* 
l:ir  orbit  around  the  sun,  the  earth  can  onlv  encounter  it  when  she  is 
at  the  point  where  her  orbit  cuts  the  })ath  of  the  meteors ;  and  this, 
of  course,  nuist  always  be  on  the  same  day  of  the  year,  except  as,  in 
the  process  of  time,  tlie  meteors'  orbits  slowly  shift  their  positions  on 
account  of  perturbations.  The  Leonid  showera,  therefore,  always 
appear  on  the  Idth  of  November  (within  a  day  or  two)  ;  the  Androm- 
edes  on  the  27th  or  28th  of  the  same  month ;  and  the  Perseids  about 
the  first  of  August. 

783.  Meteoric  Rings  and  Swarms.  —  If  the  meteors  are  scattered 
nearly  uniformly  around  their  whole  orbit,  so  as  to  form  a  ri»i^,  the 
shower  will  recur  every  year;  but  if  the  flock  is  concentrated,  it  will  oc- 
cur only  when  the  meteor  group  is  at  the  meeting-place  at  the  same  time 
as  the  earth.  The  latter  is  the  ease  with  the  Leonids  and  Andromedes. 
The  great  star-showers  from  these  groups  occur  only  rarely, — for  the 
Leonids  once  in  thirty-three  yeai*s,  and  for  the  Andromedes  (other- 
wise known  as  the  Bielids)  about  once  in  thirteen.  The  Perseids  sre 
much  more  e(iually  and  widely  distributed,  so  that  they  appear  in 
considerable  numbers  every  year,  and  are  not  sharply  limited  to  a 
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pArti<'iilar  date,  )>ut  are  more  or  less  :il>undaut  for  a  fortnight  iu  the 
latter  part  of  July  and  the  first  of  August. 

'V\w  in«'UM>r>  which  U-ltMig  to  the  >anie  group  all  have  a  resemblance  to 
••ach  oth<T.     The  PerneidM  are  yellowish,  and  move  with  medium  velocity. 

Thf  Ix^onids  are  very  swift,  for  we  meet  them  almost  directly,  and  tli«*y  are 
«liara<"t<»ri/<*d  hy  a  greenish  or  bluish  tint,  with  vivid  and  [K'rsiRtvnt  trains. 

rh«*  Andromedes  are  slugj^ish  in  their  movements,  b(*cause  they  simply 
overtake  the  earth,  instead  of  meeting  it.  They  are  usually  decidedly  red  in 
color  and  liuve  onlv  small  trams. 

784.  The  Mazapil  Meteorite.  —  As  has  l>een  said,  during  these 
>ho\vers  no  sound  is  heard,  no  sensible  heat  perceived,  nor  do  any  masses 
rcarh  the  ground;  with  the  one  exception,  however,  that  on  Nov.  27,  1886, 
a  piece  of  meteoric  iron  mentioned  iu  the  list  given  in  Article  758,  fell  at 
Mazapil  in  Northern  Mexico  during  the  shower  of  Andromedes  which 
occurred  that  evening.  Whether  the  coinci<lenoe  is  accidental  or  not,  it  is 
interesting.  Many  high  authorities  speak  confidently  of  thb  (larticular  iron 
meteor  as  being  really  a  piece  of  Biela's  comet  itiself. 

And  now  wc  conn*  to  one  of  the  most  remarkable  discoveriea  of 
iiHMlern  astronoiny,  —  the  dist'overv  of  — 

785.  The  Connection  between  Cometi  and  Meteon.  —  At  the  time 
of  the  great  meteoric  shower  of  l.s;i3.  Professors  Olmsted  and 
Twining,  of  New  Haven,  recognized  the  fact  and  meaning  of  the 
radiant  as  pointing  to  the  existence  of  stranns  of  meteoric  particles 
revolving  in  regular  orbits  around  the  sun;  and  Olmsted  at  the  time 
went  so  far  :is  even  to  call  the  IkxIv  or  swarm  a  **  t*omet."  In  some 
respects,  however,  his  views  were  seriously  wrong,  and  soon  received 
nKxlitication  and  i-orrectiou  from  other  astronomers.  Krman  cspc- 
<ialiy  iM>inted  out  that  iu  some  cases,  at  least,  it  would  be  necessary 
to  suppose  that  the  meteors  were  distributcil  in  rimjs^  and  he  also 
developed  metho<ls  by  which  the  meteoric  orbits  could  be  computed 
if  the  necessary  data  could  1)e  secured.  Olmsteil  and  Twining, 
however,  were  the  first  to  show  that  the  meteors  arc  not  terrestrial 
;.ml  atmospheric,  but  iKxlies  truly  cosmical. 

The  subject  was  taken  up  later  by  Professor  Newton,  of  New 
Ihiven,  who  in  Isfil  showed  by  an  examination  of  old  records  that 
there  had  Inen  a  number  of  great  autumnal  meteoric  star-showers  at 
intervals  of  just  al>out  thirty-thn»e  years,  and  he  prcdicteil  confidently 
a  shower  for  Nov.  13-14,  1866.  As  to  the  orbit  of  the  meteoric 
Uxly  (or  ring,  according  to  £rman*s  view),  he  found  that  it  might. 
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consisteotly  with  what  had  been  ao  far  observed,  have  either  of  Jhx 
different  orbits ;  one  with  a  period  of  33^  years,  two  with  periods  of 
one  year  ±11  days,  and  two  with  periods  of  half  a  year  ±  6\  days. 
He  considered  rather  most  probable  the  period  of  354  days ;  but  he 
pointed  out  that  the  slow  change  that  had  taken  place  in  the  aoDual 
date  of  the  sliower '  would  furnish  the  meanB  of  determining  which 
of  the  orbits  was  tlie  true  one. 

This  change  of  date  indicates  a  slow  motion  of  the  nodes  of  the 
orbit  of  the  meteoric  body  at  the  rate  of  about  52"  a  year.  Adams, 
of  Keptnnian  fame,  made  the  laborious  calculation  of  the  effect  of 
planetary  iwrturbstions  upon  each  of  the  five  different  orbits  aug- 
gested  by  Professor  Newton,  and  showed  that  the  true  orbit  most  be 
the  largest  one  which  has  a  period  of  33^  years. 


Fin.  ail.  —  Orl>lt»  of  Msworli-  K>r«m«  Khlih  »w  known  lo  bt  •MorUtfd  *llh  Oomda. 

Tlip  meteoric  sliowt^r  occurred  in  IKGU  ao  luedicted,  and  wa 
repeated  in  ISfiT,  the  iiietcor-swariu  liiing  atietched  out  along  il 
orbit  for  such  n  distance  that  the  procession  is  nearly  three  yean  i 
passing  any  given  ]>oint. 

1  In  A.i>.  OO-i  (tlie  -ypHT  of  tin' Klnrs  "  in  tlie  citil  Arab  chronicle*),  the  dal 
WM  wlmt  would  be  Oct.  If,  in  our  "  new  style  "  rcelcaning.  In  laOS  tlw  ihowi 
occurred  Ave  days  later,  and  in  1H33  tlie  date  wtu  Nov.  U, 
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786.    Identification  of  Cometary  and  Meteoric  Orbits. — The  re- 

searcheB  of  Newton  and  Adams  had  awakened  lively  intereet  in 
the  subject,  and  Schiaparelli,  of  Milan,  a  few  weeks  after  the  I^onid 
shower,  published  a  paper  upon  the  Perseids,  or  August  meteors,  in 
which  he  brought  out  the  remarkable  fact  that  thev  wer^  moving  in 
the  same  path  as  that  of  the  bright  comet  of  1862,  known  as  Tuttle*s 
Cfnut't.  Slioitly  after  this  Leverrier  publisheii  his  orbit  of  the 
I^eonid  meteors,  derive<l  from  the  observed  position  of  the  radiant  in 
connection  with  the  perioilic  time  assigned  by  Adams;  and  almost 
HJmultaneously,  but  without  any  idea  of  a  connection  between  them, 
()ppol/(>r  published  his  orbit  of  Tempel's  comet  of  1866;  and  the 
two  orbits  were  at  once  seen  to  be  practically  identical.  Now  a  single 
(•:i8e  of  such  a  coincidence  as  that  pointed  out  by  Schiaparelli,  might 
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|.()ssil>ly  be  accidental,  but  hanlly  t\co.  Then  five  years  later,  in 
l*<72,  cHUie  the  meteoric  shower  of  the  Andromeiles,  following  in  the 
track  of  Biela's  cH>met ;  and  among  the  more  tlian  one  hundrei!  dis- 
tiiut  MU'toor-swarms  now  recognized.  Professor  Alexander  Herscbel 
tiiuls  tour  or  tlve  others  which  have  a  *^  comet  annexed,"  so  to  speak. 
KiiT-  iM  I  represents  the  orbits  of  four  of  the  meteoric  swarms  which 
arc  known  to  be  associated  with  comets. 
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787.  In  the  cases  of  the  Leonids  and  Andromedes  the  meteor-ftwarm 
follows  the  comet.  Many  believe,  however,  that  the  comet  itself  ib  simply 
the  thickest  part  of  the  sv^arm.  Kirkwood  and  Schiaparelli  have  both 
pointed  out  that  a  body  constituted  as  a  comet  is  supposed  to  be,  must 
almost  necessarily  break  up  in  consequence  of  the  *'  tide-producing  **  pertur- 
bations of  the  sun,  indei)endent  of  any  repulsive  action  such  as  is  suf^posed 
to  be  the  cause  of  a  comet's  tail.  They  hold  that  these  meteor-swarms  are 
therefore  merely  the  product  of  a  comeVs  disintegration. 

The  longer  the  comet  has  been  in  the  system,  the  more  widely  scattered 
will  be  its  particles.  The  Perseids  are  supposed,  therefore,  to  be  old  inhab- 
itants of  the  solar  system,  while  the  Leonids  and  Andromedes  are  compara- 
tively new-comers.  Leverrier  has  shown  that  in  the  year  a.d.  126  Terapel's 
comet  must  have  been  very  near  to  Uranus,  and  a  natural  inference  is  that 
it  was  introduced  into  the  solar  system  at  that  time.  Fig.  212  illustrates  his 
hypothesis.  However  these  things  may  be,  it  is  now  certain  that  the  connec- 
tion between  comets  and  meteors  is  a  verj'  close  one,  though  it  can  hardly 
be  considered  certain  as  yet  that  every  scattered  group  of  meteors  is  the 
result  of  comet ars'  disinteffration.  We  are  not  sure  that  when  a  cometary 
mass  first  enters  the  solar  system  from  outer  space,  it  comes  in  as  a  close- 
packed  swarm. 


J.  J»mrl.m^^* 
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CHAPTER    XIX. 

THE  STAItS:  THEIi:  NATUUE  ANI>  NrMHEIl.  —  THE  (V)XSTEI.- 
LATIONS.  —  STAK-<'ATAUMJrES.  —  DESKJNATION  AND  NOMEN- 
CLATl  I:E.  —  I'lIoi'Ei:  MOTIONS  AND  THE  MOTION  OF  THE  SIN 
IN    SI»A(  E.  —  STELLAU   PARALLAX   AND   DISTANCE. 

788.  Wk  enter  now  n|K)n  ii  vaster  subject.  I^aviiif?  the  confines 
of  the  solur  system  we  cross  tlie  void  tliat  makes  an  island  *  of  the 
sniTs  ilonuiins,  and  enter  the  nniversi'  of  the  stars.  The  nearest  star, 
so  far  :is  we  have  yet  been  able  to  ascertain,  is  one  wliose  distance  is 
inor(>  tlian  200,000  times  the  radius  of  the  earth's  annual  orbit ;  so 
remote  that,  seen  from  that  star,  the  sun  itself  would  appear  only 
about  as  bright  as  tlie  [>ole  star,  and  from  it  no  telescope  ever  yet 
const ructeil  could  render  visible  a  single  one  of  all  the  retinue  of 
|ilanets  and  comets  that  make  up  the  solar  system. 

789.  Nature  of  the  Stan.  —  As  shown  by  their  spectra  the  stars 
luv  suns;  that  is,  they  are  iKMlies  comparable  in  magnitude  antl  in 
physical  condition  with  our  own  sun,  shining  by  their  own  light  as  the 
sun  <locs,  and  eniittin*;  a  radiance  which  in  manv  cases  could  not  be 
•  lisiinguisluMl  from  sunlight  )»y  any  of  its  s|>ectroscopic  characteristics. 
Sonic  of  thcni  arc  vastly  larger  antl  hotter  than  our  sun,  others  smaller 
anil  cooler,  for,  as  we  shall  see,  the)'  differ  enormously  among  them- 
selves. 

790.  Number  of  the  Stars.  —  The  impression  on  a  dark  night  is  of 
alisolute  countlessuess :  but,  in  fact,  the  numlM^r  visible  to  the  nake<l 
cNc  is  very  limited,  as  one  can  easily  di.s(»over  by  taking  some  definite 
area  in  the  sky,  say  the  *•  Ih)wI  of  the  dip|MM\"  and  (H>uuting  the  stars 
uliich  he  can  see  within  it.     lie  will  find  that   the  uundK^r  which  he 

riiat  tlt«'  solar  svjitiMii  i;*  tliu«  isolntiMl  I>y  a  AurruumlinK  roid  U  proTe«l  by  the 
;kliiii»«t  iiM<ii.otur1>i'<l  iiiuvfiiH'nt*  of  I'rHnuM  ami  Neptune;  for  their  perturUations 
woiil.l  iM-tray  (lu-  prtM'iuv  of  any  ImxIv.  at  all  eutiiparable  with  the  tun  in  niagni- 
Tiiit'.  Mithin  :i  di^t.iiice  a  thousand  time.«  as  great  at  that  between  the  earth  and 

Mill. 
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can  fairly  count  is  surprisingly  small,  though  by  averted  vision  he  will 
get  uncertain  glimpses  of  many  more.  In  the  whole  celestial  sphere 
the  number  bright  enough  to  be  visible  to  the  n«ked  eye  is  only  from 
6000  to  7000  in  a  clear,  moonless  sky.  A  little  haze  or  moonlight 
cuts  out  fully  half  of  them,  and  of  course  there  is  a  great  difference 
in  eyes.  But  the  sharpest  eyes  could  probably  never  fairly  see  more 
than  2000  or  3000  at  one  time,  since  near  the  horizon  the  smaller  stars 
are  invisible,  and  they  are  immensely  the  most  numerous,  fully  half 
of  the  whole  number  being  those  which  are  just  on  the  verge  of  visi- 
bility. The  total  number  tJiat  can  be  seen  weU  enough  for  obaervatian 
with  such  instruments  as  were  %i,sed  before  the  invention  of  the  telescope 
is  not  quite  1100. 

With  even  a  small  telescope  the  number  is  enormously  increased. 
A  mere  opera-glass  an  inch  and  a  half  in  diameter  brings  out  at  least 
100,000.  The  telescope  with  which  Argelander  made  his  DwchmuS" 
terung  of  more  than  300,000  stars  —  all  north  of  the  celestial  equator 
—  had  a  diameter  of  only  two  inches  and  a  half.  The  number  visible 
in  the  great  Lick  ^  telescope  of  ttiree  feet  diameter  is  probably  nearly 
100,000000. 

791.  ConstellationB.  —  In  ancient  times  the  stars  were  grouped  bj 
'^constellations/*  or  '^  asterisms,"  parti}'  as  a  matter  of  convenient 
reference  and  partly  as  superstition.  Many  of  the  constellations  now 
recognized, — all  of  those  in  the  zodiac  and  those  about  the  northern 
pole,  —  are  of  prehistoric  antiquity.  To  these  groups  were  given  fanci- 
ful names,  mostly  of  persons  or  objects  conspicuous  in  the  mythological 
records  of  antiquity  ;  a  great  number  of  them  are  connected  in  some 
way  or  other  with  the  Argonautic  expedition. 

In  Roine  cases  the  eye  can  trace  in  the  arrangement  of  the  stars  a  vague 
resemblance  to  the  object  which  gives  name  to  the  constellation ;  but  gener- 
ally no  reiison  can  be  assigned  why  the  constellation  should  be  so  named  or 
HO  boundeil.  Of  the  sixty-s(>ven  constellations  now  usually  recognized  on 
celestial  globes,  forty-(»ight  have  come  down  from  Ptolemy.  Tlie  others 
have  been  formed  by  Hevelins,  Bayer,  Rover,  and  one  or  two  other  astron- 
omers, to  embrace  stars  not  included  in  Ptolemy *s  constellations,  and  espe- 
cially to  furnish  a  nomenclature  for  the  stars  never  seen  by  Ptolemy  on 
account  of  their  nearness  to  the  southern  pole.    A  considerable  number  of 


^  Neglecting  the  loss  of  light  in  the  lenses,  the  Lick  telescope  ought,  theoreti- 
cally, to  show  {itars  so  faint  that  it  would  take  more  than  .'lOyOOO  of  them  to  make 
a  star  equal  to  the  faintest  that  can  be  seen  with  the  naked  eye.    (See  Art  88.) 


c 
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other  constellations,  which  have  been  tentatively  establinhed  at  various 
times,  and  are  sunietimes  found  on  globes  and  star-maps,  have  been  given 
up  as  useless  and  impertinent. 

792.  We  present  a  list  of  the  constellations,  omitting,  however,  some 
of  th<*  modern  ones  which  are  now  not  usually  recognized  by  astronomers. 
The  consU>Ilations  are  arranged  both  vertically  and  horizontally.  The  ordn 
in  tin*  v(>rtical  columns  is  determined  by  right  ascension,  as  indicated  by 
the  Koinan  numbers  at  the  left.  Horizontally  the  arrangement  is  according 
to  distance  from  the  north  |X)le,  as  shown  by  the  headings  of  the  colunnis. 
T\w  number  appended  to  pa<*h  constellation  gives  the  nunil>er  of  stars  it 
oiitains,  down  to  and  including  the  6th  magnitude.  Tlie  zodiacal  constel- 
lations are  italicized,  and  the  modem  constellations  are  marked  by  an 
asterisk. 

The  different  groujw  of  constellations  are  found  near  tlie  meridian  at 
lialf-jmst  eight  o'clock,  p.m.,  on  the  dates  indicated  below. 

(iroup  (I.,  II.),  Dec.  1.  These  constellations  contain  no  Arst-magnitude 
stars,  but  Cassiopeia,  Andromeda,  Aries,  and  Cetus  include  enough 
stars  of  the  second  and  third  magnitude  to  be  fairly  conspicuous. 

(iroup  (III.,  IV^.),  Jan.  1.  Perseus  north  of  the  zenith,  and  the  l*leiades 
and  Aldebaran  in  Taurus,  are  characteristic. 

(iroup  (V.,  VI.),  Feb.  1.  On  the  whole  this  is  the  most  brilliant  region 
of  the  skv  and  Orion  the  finest  constellation. 

(Iroup  (VII.,  VIII.),  March  1.  Characteriztnl  by  Procyon  and  Sirius,  the 
latter  incomparably  the  brightest  of  all  the  fixed  stars. 

(iroup  (IX..  X.).  April  1.     I^o  is  the  only  conspicuous  constellation. 

( iroup  ( X I .,  XII.).  May  1 .  A  barren  region,  except  for  Ursa  Major  north 
of  tho  zenith. 

(iroup  (XIII.,  XIV.),  June  1.  Marked  by  Arcturus,  the  bright«*st  of  the 
northern  stars,  with  the  paler  Spica  south  of  the  e<|uator. 

(iroup  (XV.,  XVI.),  July  1.  The  Northern  Crown  and  Hercules  are  the 
uio(i4  characteristic  configurations. 

(iroup  (XVII.,  XVIII.),  Aug.  1.  Vega  is  nearly  overhead,  and  the  red 
Antares  low  down  in  the  south,  with  Altair  near  the  equator,  just 
east  of  Ophiuchus. 

(iroup  (XIX.,  XX.),  Se]»t.  1.  Cygnus  is  in  the  zenith,  and  Sagittarius 
low  down,  while  the  brightest  part  of  the  Milky  Way  lies  athwart 
the  meridian. 

(iroup  (XXI.,  XXII.),  Oct.  1.  A  barren  region,  relieved  only  by  the 
bright  star  Fomalhaut  of  the  Southern  Fish  near  the  southern 

horizon. 

(iroup  (XXIII.,  XXIV.),  Nov.  1.  This  region  also  is  rather  barren, 
though  the  *'  great  Mjuare  **  uf  Pegasus  is  a  notable  configuration 
of  stars. 
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793.  A  thorough  knowledge  of  these  artificial  groui)8,  and  of  the 
iiameB  and  locutions  of  the  stars  in  them,  is  not  at  all  essential,  even 
to  an  accomplished  astronomer ;  but  it  is  a  matter  of  very  great  con- 
venience to  know  the  principal  constellations,  and  perhaps  a  hundred 
of  the  brightest  stars,  well  enough  to  be  able  to  recognize  them  read- 
ily and  to  use  them  as  |K)ints  of  reference.  This  amount  of  knowl- 
edge is  easily  acquired  by  three  or  four  evenings*  study  of  the  sky  in 
connection  with  a  good  star-map  or  celestial  globe,  taking  care  to 
observe  on  evenings  at  different  seasons  of  the  year,  so  as  to  com- 
mand the  whole  sky. 

At  pnvMMit  th<»  Wst  star-atlas  for  n»fereiice  \h  probably  that  of  Mr. 
Picx'tor.  Tho  mapH  of  Arj^elander's  *' Uranometria  Nova"  and  Heists  atlas 
()u)th  ill  (ieriuan)  arc?  haiHlHoiner, and  for  some  piirpoRes  more  convenient. 
There  ait>  many  otlior.H,  also,  which  are  excellent.  The  smaller  maps  which 
an*  found  in  the  text-)»ooks  on  astronomy  are  not  on  a  scale  sufficiently  large 
to  U>  of  luiirh  scientific  use  (as,  for  instance,  in  the  observation  of  meteors), 
thouj;h  thfy  answer  well  enough  the  purpose  for  which  they  were  designed, 
of  introducing  the  student  to  the  principal  star-grouiie. 


794.  Designation  of  Bright  Stars.  —  (a)  Xamen.  Some  fifty  or 
sixty  of  the  brighter  stars  have  names  of  their  own  in  common  use. 
A  majority  of  the  names  Ijelonging  to  stars  of  the  first  magnitude  are 
of  (>reek  or  Latin  origin,  and  significant,  as,  for  instance,  A  returns, 
Sirius,  Procyon,  Hegulus,  etc.  Some  of  the  brightest  stars,  however, 
have  Arabic  names,  as  Aldcbaran,  Vega,  and  Ik'telguese,  and  the 
iiiimes  of  most  of  the  smaller  stars  are  Arabic,  when  they  have  names 
:it  all.  • 

(h)  Plan'  in  ConsteVation,  Spica  is  the  star  in  the  handful  of 
wheat  carried  by  Virgo ;  Cynosure  signifies  the  star  at  the  end  of  the 
Dog's  Tail  (in  ancient  times  the  constellation  we  now  call  Ursa 
Minor  seems  to  have  l)een  a  dog)  ;  Ca|)ella  is  tlic  goat  which 
Auriga,  the  charioteer,  carries  in  his  arms.  Hipparchus,  Ptolemy, 
and,  in  fact,  all  the  older  astronomers,  including  Tycho  Brahe,  used 
tills  clumsy  methoil  almost  entirely  in  designating  particular  stars : 
speaking,  for  instance,  of  the  star  in  the  "  head  of  Hercules,"  or  in 
llu'  **  riglit  knee  of  BoiHajs,'*  and  so  on. 

(r)  ConntfUation  and  J^'tters,  In  lOO^Hayer,  in  publishing  a  new 
star-map,  adopted  the  excellent  plan,  ever  since  in  vogue,  of  designat- 
ing the  stars  in  the  different  constellations  by  the  letters  of  the  Greek 
alphabet,  assigned  Usually  in  order  of  brightness.    Thus  Aldebaran  is 
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a  Taiiri,  the  next  brightest  star  in  the  constellation  is  fi  Tauri,  and 
so  on,  as  long  as  the  Greek  letters  hold  out ;  then  the  Roman  letters 
are  used  as  long  as  they  last ;  and  finally,  whenever  it  is  found  neces- 
sary, we  use  the  numbers  which  Flams  teed  assigned  a  century  later. 
At  present  every  naked-eye  star  can  be  referred  to  and  identified  bj 
some  letter  or  number  in  the  constellation  to  which  it  belongs. 

(d)  Current  Number  in  a  Star-CatcUogHe.  Of  course  all  the  above 
methods  fail  for  the  hundreds  of  thousands  of  smaller  stars.  In  their 
case  it  is  usual  to  refer  to  them  as  numl)er  so-and-so  of  some  well- 
known  star-catalogue;  as,  for  instance,  22,500  LI.  (I>alande),  or 
2573  B.  A.  C.  (British  Association  Catalogue) .  At  present  our  various 
star-catalogues  contain  from  600,000  to  800,000  stars,  so  that,  except 
in  the  Milky  Way,  almost  any  star  visible  in  a  tele8co|)e  of  two  or 
three  inches'  aperture  can  be  identified  and  referred  to  by  means  of 
some  star-catalogue  or  other. 

Stfnonynus,  Of  course  all  the  brighter  stars  which  have  fiamen  have 
also  letters,  and  arc  sure  to  be  included  in  every  star-catalogue  which 
covers  their  part  of  the  sky.  A  given  star,  therefore,  has  often  a 
large  numl)er  of  aliases,  and  in  dealing  with  the  smaller  stars  great 
pains  must  be  taken  to  avoid  mistakes  arising  from  this  cause. 

STAR-CATALOGUES. 

795.  These  are  lists  of  stars  arranged  in  regular  oixler  (at  present 
usually  in  order  of  right  ascension),  and  giving  the  places  of  the  stars 
at  some  given  ei)och,  either  b}'  means  of  their  right  ascensions  and 
declinations,  or  by  their  (celestial)  latitudes  and  longitudes.  The 
so-called  *'  magnitude,"  or  brightness  of  the  star,  is  also  ordinarily 
indicated.  The  first  of  these  star-catalogues  was  that  of  Hipparchus, 
containing  1080  stars  (all  that  are  eaHtlf/  visible  and  measurable  by 
naked-eye  instruments),  and  giving  their  longitudes  and  latitudes  for 
the  epoch  of  125  ii.c. 

This  catalojjiH*  has  been  preserved  for  us  by  Ptolemy  in  the  Almagest, 
and  from  it  h<>  formed  liis  own  catalogue,  riHlucui}^  the  ^xisitions  of  the 
stars  (i.e.,  oorrectinj;  for  prece>sioii  the  posit ioiiK  given  by  Hipparchus)  to 
his  own  p]KX*h.  about  l'>(i  a.i>.  The  next  of  the  old  catalogues  of  any  value 
is  that  of  riu^h  Beigh  made  at  Samarcand  alK>ut  1450  a.d.  This  appears 
to  have  been  formed  from  independent  obw^rA'ations.  It  was  followed  in 
15S0  by  the  catalogue  of  'Jycho  Brahe  containing  1005  stars,  the  last  which 
was  constructed  before  the  invention  of  the  telescoi^e. 

The  modem  catalogues  are  numerous.  Some  give  the  places  of  a  great 
number  of  stars  rather  roughly,  merely  as  a  means  of  idendfying  them  when 
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used  for  cometary  obsen*ationft  or  other  .similar  purposes.  To  this  class 
)M*l(>ngH  Argelander's  Durchmmterung  of  the  northern  heavens,  which  con- 
taitiA  over  324,000  stars,  —  the  largest  number  in  any  one  catalogue  thus  far 
publish(»cL  Then  there  are  the  "  catalogues  of  precision,**  like  the  Pulkowa 
:in(l  (Greenwich  catalogues,  which  give  the  places  of  a  few  hundred  stars  as 
accurately  as  ])ossible  in  order  to  furnish  *' fundamental  stars,"  or  reference 
points  in  the  sky.  The  ROK;alled  **  Zoties  "  of  Bessel,  Argelander,  and  many 
others,  are  catalogues  covering  limited  portions  of  the  heavens,  containing 
stars  arranged  in  zones  al>out  a  degree  wide  in  declination,  and  running 
8oin(>  hours  in  right  ascension.  To  the  practical  astronomer  the  most  useful 
catalogue  is  likely  to  be  the  one  which  is  now  in  process  of  formation  by  the 
co-operation  of  various  oltservatories  under  the  auspices  of  the  Astronomische 
(k's^'llschaft  (an  International  Astronomical  Society,  with  its  headquarters 
in  (icrniany).  This  catalogue  will  contain  accurate  places  of  all  stars  above 
the  ninth  magnitude  in  the  northeni  sky.  Most  of  the  necessary  obeenr** 
tions  have  aln'a<ly  been  tna^le. 

796.  determination  of  Star-Plaoet.  —  The  observations  from  which 
a  sUir-catalogue  is  constructed  are  usually  made  with  the  meridian 
circle  (Art.  63).  For  the  catalogues  of  precision,  comparatively  few 
stars  are  observed,  but  all  with  the  utmost  care  and  during  several 
years,  taking  all  |K>ssible  means  to  eliminate  instrumental  and  obser- 
vational erroi-8  of  every  sort. 

In  the  more  extensive  catalogues  most  of  the  stars  are  observed  only 
once  or  twice,  and  everything  is  made  to  depend  u{)on  the  accuracy 
of  the  places  of  the  fundamental  stars,  which  are  assumed  as  correct. 
The  instrument  in  this  case  is  used  only  ^^diflferentially  '*  to  measure 
the  comparatively  small  differences  between  the  right  ascension  and 
declination  of  the  fundamental  stars  and  those  of  the  stars  to  be  cata- 
logued. 

797.  Method  of  using  a  Catalogue.  —  The  catalogue  contains  the 
mean  right  ascension  and  declination  of  its  stars  for  the  banning 
of  some  given  year ;  t.e.,  the  right  ascension  and  declination  the  star 
icould  hai'e  at  that  time  if  there  were  no  aberration  of  light  and  no 
irregular  motion  in  the  celestial  pole  to  affect  the  i^osition  of  the 
equator  and  equinox.  To  determine  the  actual  apixirent  right  ascen- 
Kion  and  declination  of  a  star  for  a  given  date  (which  is  what  we 
want  in  practice),  the  catalogue  place  must  be  ^^  reduced"  to  the 
date  in  question  ;  i.e.,  it  must  be  corrected  for  precession,  nutation, 
and  aberration. 

Tlio  oiieration  with  modem  tables  and  formulie  is  not  a  very  tedious  one, 
involving  perhaps  five  minutes*  work,  but  without  it  the  catalogue  places  are 


THE  8TAE8. 


Fm.  XU.  —  Tlw  FboioanvUe  TdcKiipc  of  tb«  lUotjr  Bntfaw^  Arih 


STAR-CHARTS.  455 

useless  for  most  pnqx)sos.  Vire  versa,  the  observations  of  a  fixe<l  star  with 
the  meridian  circle  do  not  give  its  mean  right  ascension  and  declination 
rejwly  to  go  into  the  catalogue,  but  the  obser>'ations  must  be  reduced  from 
apparent  place  to  mean  before  they  can  be  tabulated. 

798.  Star-Charts. — For  many  purposes  chaHs  of  the  stars  arc 
more  convenient  than  a  catalogue,  as,  for  instance,  in  searching  for 
new  planets.  The  old-fashioned  way  of  niajcing  such  charts  was  by 
I>lotting  the  results  of  zone  observations.  The  modern  way,  intro- 
duce<l  within  the  last  few  years,  is  to  do  it  by  photography.  The 
plan  decided  ui)on  at  the  Paris  Astronomical  Congress  in  1887 
contemplates  the  photographing  of  the  whole  sky  upon  glass  plates 
al)out  ten  inches  square,  each  covering  an  area  of  2®  square  (four 
square  degrees) ,  showing  all  stars  down  to  the  fourteenth  magnitude, 
—  a  project  which  is  entirely  feasible,  and  can  be  accomplished  in 
live  or  six  years  by  the  co-operation  of  about  a  dozen  diflferent  observ- 
atories in  the  northern  and  southern  hemispheres.  The  instruments 
are  now  (1888)  in  process  of  construction. 

The  figure  (Fig.  213)  i»  a  representation  of  the  Paris  instrument  <»f  the 
lltMiry  Brothers,  wliich  was  adopted  as  the  ty]>ical  instniment  for  the  operik- 
tioi).  It  has  an  aperture  of  alK)ut  fourteen  inches,  and  a  length  of  al>out 
tift^Tii  ft'ct^  the  object-glass  l>eing  sjiecially  corrected  for  the  photographic 
rays.  A  9-inch  visual  telescoi^*  is  enclosinl  in  the  same  tube  so  that  the  ol>- 
scrv»>r  can  watch  the  jxwjition  of  the  instrument  during  the  whol«»  (>j»«»ration. 

It  was  originally  ]>lanntHl  to  give  ea^'h  plate  an  hour's  ex|K>sun\  but 
iniprovoinents  in  tlu*  photographic  plates  since  the  mtM*ting  of  the  Congress 
now  make  it  j><)s«iiMe  to  cut  down  the  time  very  materially.  It  >\ill  nnjuin* 
about  11,(HX»  plates  of  the  size  named  to  cover  the  whole  sky,  and  as  ea<*h 
^tar  is  to  api»ear  on  two  plates  at  least,  the  whole  numlM»r  of  plates,  allowing 
f«»r  overlaps,  will  be  al>out  22,0(H).  As  every  plate  will  contain  n|H>n  it  a 
numlMT  of  wellHletermined  catalogue  stars,  it  will  furnish  the  means  of 
d^'terinining  accurately,  whenever  needed,  the  place  of  any  other  star  which 
ap{)ears  uix)u  the  same  plate. 

STAR  MOTIONS. 

799.  The  stars  are  ordinarilv  called  *'  fixed,*"  in  distinction  from 
the  planets  or  *'  wanderers^'*  because  as  compared  with  the  sun  and 
moon  and  planets  they  have  no  evident  motion,  but  keep  their  relative 
relations  and  configurations  unchanged.  Observations  made  at  sufll- 
ciently  wide  intervals  of  time,  and  observations  with  the  s|)ectro8CO|>e, 
show,  however,  that  they  are  really  moving,  and  that  with  velocities 
which  are  comparable  to  the  motion  of  the  earth  in  her  orbit. 
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If  we  compare  the  right  ascension  and  declination  of  a  star 
determined  to-day  with  that  determined  a  hundred  years  agO,  it  will 
be  found  different.  Tlie  difference  is  mainly  due  to  precession  and 
nutation,  which  are  not  motions  of  the  stars  at  all,  but  simply 
changes  in  the  position  of  the  reference  circles  used,  and  due  to 
alterations  in  the  direction  of  the  earth's  axis  (Arts.  205  and  214) . 
Aberration  also  comes  in,  and  this  also  is  not  a  real  motion  of  the 
stars,  but  only  an  apparent  one. 

800.  Proper  Motions.  —  But  after  allowing  for  all  these  apparent 
and  common  motions,  which  depend  upon  the  stars'  places  in  the 
sky,  and  are  sensibl}'  the  same  for  all  stara  in  the  same  telescopic 
field  of  view,  whatever  may  be  their  real  distance  from  us,  we  find 
that  most  of  the  larger  stars  have  a  ^*' proper  motion**  of  their  own, 
('^proper"  as  opposed  to  *'  common,'-')  which  displaces  them  slightly 
with  reference  to  the  stars  about  them.  There  are  only  a  few  stars 
for  which  this  proper  motion  amounts  to  as  much  as  1"  a  year;  per- 
haps loO  such  stars  are  now  known,  but  the  number  is  constantly  in- 
creasing, as  more  and  more  of  the  smaller  stars  come  to  be  accurately 
observed. 

The  maximum  proper  motion  known  is  that  of  the  seventh  magnitude 
star  1830  Groombridge  (i.e..  No.  1830  in  Groombridge's  catalogue  of 
cireumpolar  stars) ,  which  has  an  apparent  drift  of  7"  annually,  — 
cnougli  to  carry  it  completely  around  the  heavens  in  185,000  years. 
The  largest  known  proper  motions  are  the  following : — 


1880,  Groombridge, 

7th  mag., 

,  7".0 

'   LI.  21,258, 

7th  mag.,  4".4 

01  Cygni, 

0th      " 

b":i 

0,  Eridani, 

0th  mag.,  4'M 

LI.  21,115, 

7th      " 

4".7 

fi  Cassiopcie, 

5th  mag.,  3".8 

c  Indi, 

5th     " 

4".5 

a  Ccntauri, 

let  mag.,  8".7 

The  proper  motions  of  Arcturus  (2".l),  and  of  Sirius  (1".2), 
arc  considered  '"large,'*  but  are  exceeded  by  a  considerable  num- 
ber of  stars  besides  those  given  above.  Since  the  time  of  Ptolemy, 
Arcturus  has  moved  more  than  a  degree,  and  Sirius  about  half 
much.     These  motions  were  first  detected  by  Halley  in  1718. 

It  is  found,  as  might  be  expected,  that  the  brighter  stars,  which 
a  class  are  presumably  nearer  tlian  the  fainter  ones,  have  on  the 
average  a  greater  proper  motion ;  on  the  average  only,  however,  as 
is  evident  from  the  list  given  above.  Many  smaller  stars  have  Jmi{;er 
proper  motions  than  any  bright  one,  for  there  are  more  of  them. 
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801.  Real  Motions  of  Stan. — The  average  proper  motion  of  the  first- 
ina^iiituile  Mtars  appears  to  be  about  \"  annually,  and  that  of  a  sixth- 
nia^iiitude  star,  —  the  Ruiallent  viaible  to  the  eye,  —  is  al>out  ._,^". 

The  proper  incition  of  a  star  gives  comparatively  little  inforuia- 
tion  as  to  its  real  motion  until  we  know  the  distance  of  the  star  and 
the  true  direction  of    the    motion, 

since  the  proper  motion  uh  deter-     I- .? 'ElLl^l'^.t-Jirlh ^ 

mined  fmm    the   stdr-entdiiMjttes  is    / 
only  the  angular  value  of  that  part 
or  comi)onent  of  the  star's  whole 

*  Ki.j.  -14. 

motion   whi<'h   is  perix»ndicular  to        ^.  „.  .  .,    r    w.  ..  i.^.  .w  .i. « 

*        •  (  onifMUruu  of  m  Mar  •  rro|M*r  Motion. 

\Ue  line  of  sight,  as  is  clear  from 

the  tlgure.  When  the  star  really  moves  from  -1  to  7i  (Fig.  214), 
it  will  appear,  as  seen  from  the  earth,  to  have  moved  from  ^1  to  h. 
The  angular  value  of  Ah  as  seen  from  the  earth  is  the  pro|K»r  mo- 
tion (usually  denoted  by  ^),  as  determined  from  the  comparison  of 
star-catalogues.     Expressed  in  seconds  of  arc,  we  have 


\distaneey 


A  iKxly  moving  directly  towards  or  from  the  earth  has,  therefore,  no 
(angular)  proper  motion  at  all,  — none  that  can  be  obtained  frcmi  the 
eomparison  of  star-catah>gues. 
Since  Ah  in  miles 

_  fi"  X  distan<*e 

~     2(m;  2r,;» 

these  motions  cannot  be  translated  into  miles  without  a  knowledge 
of  tlu'  star's  distance;  and  this  knowledge,  as  we  shall  see,  is  at 
prt's<*nt  ex<-eedingly  limiteil  ;  nor  can  the  true  motion  Ah  )k*  found 
until  wf  also  know  either  the  angle  liAK  or  else  the  line  -In. 

Hut  siiKv  A /I  is  iwci*8»iiT\\y  tprt titer  than  J/^  it  is  |M>ssihle  in  souk*  cjlsps 
to  d«'t«TmiiH'  a  minor  limit  of  v»»l<K*ity,  which  must  ct»rtainly  1k»  fXt^ewM  by 
tilt*  star.  In  thf  case  of  l>vK)  ((iroombritlgi*.  for  in.stantn*).  w<*  havr  ct^rtain 
KnowitHlp*  that  its  distance  i»  not  lt.<s  than  2,(MKHHK>  tiiiu's  the  earth's 
distance  fmni  the  sun.  It  may  l>e  vastly  greater:  but  it  cannot  U»  lc^s. 
N'ow  at  that  distance  the  obserwd  pn>jM*r  motion  of  7"  a  year  wouM  corre- 
s{Nind  to  an  actual  vclm'ity  along  the  line  Ah  of  more  than  2(K)  miles  a  second, 
and  the  sta**  mai/  Xm  moving  many  times  more  swiftly.  This  star  hiL^  some- 
times be«*n  called  tin*  ••  runaway  star."  lK?caus«s  although  there  are  other  stars 
whose  motions  are  very  ra]>id,  no  other  one  has  l»een  found  whose  motion 
tM^uals  this  even  nearly. 
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802.  Motion  in  the  Line  of  Sight.  —  Although  the  comparison  of 
star-catalogues  gives  us  no  information  of  the  body's  motion  towards 
or  from  us  along  the  line  of  sight,  the  velocity  Aa  in  the  figure,  yet 
it  is  possible,  when  the  star  is  reasonably  bright,  to  determine  some- 
what roughly  its  rate  of  approach  or  recession  by  means  of  the  spec- 
troscope. If  the  star  is  approaching  us,  the  lines  in  the  spectroscope, 
according  to  Doppler's  principle  (Art.  321,  note)^  will  be  shifted 
towards  the  blue ;  and  rice  versa^  towards  the  red,  if  it  is  receding 
from  us.  Dr.  Iluggins  was  the  fii*st  actually  to  use  this  method  of 
investigating  the  star  movements  in  18G8,  and  by  means  of  it  he 
arrived  at  some  very  interesting  results,  which,  however,  mnst  be 
admitted  to  be  somewhat  uncertiiin  as  regards  their  quantitative 
value.  He  found,  for  instance,  that  Sirius  was  receding  from  us  at 
the  rate  of  ninet<^en  miles  a  second,  and  that  Arcturus  was  rosh- 
ing  towards  us  at  the  rate  of  nearly  sixty  miles  a  second ;  and  re- 
sults of  a  similar  character  were  found  for  a  considerable  number 
of  other  stars. 

Of  late  the  investigations  of  this  class  have  been  carried  on  mainly 
at  the  Greenwich  Observatory,  usually  by  comparing  the  stellar 
spectra  with  hydrogen  and  sodium.  The  observations,  however, 
are  extremely  ditlicult  to  make,  for  the  displacements  of  the  lines 
are  very  small,  and  in  most  star  spectra  the  lines  are  broad  and  hazy 
and  not  well  adapted  for  accurate  measurements.  The  results  of  dif- 
ferent days*  observations,  therefore,  for  a  single  star  are  sometimes 
mou rn fully  d iscrepant . 

Vogcl  has  recently  taken  up  the  work  pJkth 

■^ ■ — '*';    toijraphicdUy  at  Potsdam,  with  very  encoorag'- 

'.    ing  results.     Fig.   215  is  from  one  of   his 


Blue 


\l.^.L^ 


„     ,         i. »,,   ,  plates  (a  uefiative),  showmg  the  displacement 

towards  the  red  of  the  Iiy  une  m  the  spec- 
,,.    ,  ,   '"''    ,  .^  ^        train  of  B  Orionis,  or  Rigel,  and  indicating 

PiBIilacciix'iit  «>i  fly  Line  In  the  !s»i>oc-  *.      i  •  * 

truing orioni*.  *^  rcccssum  of  the  star  at  a  very  rapid  rate. 

Much  is  liojx^d  in  this  line  from  tlie  {dlioto- 
graphio  six'ct rum-work   of  tho  Drai>er  Memorial  at  Cambridge,  of  which 

iiion*  will  Ix*  sai«l  a  ft*w  pages  farther  on. 

803.  Star-Groups.  —  Star-atlases  have  been  constructed  by  Plroc- 
tor  and  Flammarion,  which  show  bv  arrows  the  direction  and  rate 
of  the  angular  proper  motion  of  the  stars  as  far  as  now  known.  A 
moments  inspcetion  shows  that  in  many  cases  stars  in  the  same 
neighborhood  have  a  proper  motion  nearly  the  same  in  direction  and 
in  amount. 


^M 


THE  sun's  way.  459 

Thus,  Flammarion  has  pointed  out  that  the  stars  in  the  *' dipper"  of  Ursa 
Major  havt^  Huch  a  coinnmnity  of  motion,  except  a  and  17,  —  the  brightest  of 
the  ]K)iiit4*r8  and  the  star  in  the  end  of  the  handle, —  which  are  moving  in 
cntin-ly  different  directions,  and  refuse  to  l>e  counted  as  belonging  to  the 
^ainr  j^^nuip.     Fig.  210  hIiowh  the  proi)er  motions  of  the  stars  which  comix)se 

^^^^^  » 

•  \  .  •  •      » 

\     .         .^-^ 

Fio.  21(t.  —  (  ommon  Proper  MoUoaa  of  BUura  in  the  '*  Dipper"  of  Urn  Major. 

this  group.  Tlie  same  thing  appears  when  their  motion  is  tested  by  the 
s{HHtroscoi)e.  lluggins  found  that  the  five  associated  stars  are  rapidly 
nMM'ding  from  the  earth,  while  a  is  approaching  us,  and  7,  though  receding, 
lias  a  widt'Iv  different  rate  of  motion  from  the  others. 

The  Itrighter  stars  of  the  Pleiades  are  found  in  the  same  way  to  have  a 
conmion  motion. 

In  fact,  it  appears  to  be  the  rule  rather  than  the  exception  that 
htiirs  apparently  near  each  other  are  really  connected  as  comrades, 
travelling  together  in  groups  of  twos  and  threes,  dozens  or  hundreds. 
They  nhow,  as   Miss   derke   graphically   expresses   it,  a  distinctly 

*  *  tjnyunou.'i  ivudvnvy.' 
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804.  The  **8im*t  Way."  — The  proper  motions  of  the  stars  are 
(lii(>  partly  to  their  own  real  motion,  and  partly  also  to  the  motion  of 
our  sun,  which  is  moving  swiftly  through  space,  taking  with  it  the 
oarth  and  the  planets.  Sir  William  Ilerschel  was  the  first  to  investi- 
<rato  and  determine  the  direction  of  this  motion  a  little  more  than  100 
years  ago.  The  principle  involved  is  this :  that  the  apparent  motion 
of  each  star  is  made  up  of  its  own  motion  combined  with  the  motion 
of  the  sun  n'versed  (Art.  492).  The  effect  must  be  that  on  the  tchole^ 
the  stars  in  that  part  of  the  sky  towards  which  the  sun  is  moving  are 
separating  from  each  other,  —  the  intervals  between  them  widening  out, 
—  while  in  the  opix)site  part  of  the  heavens  they  are  closing  w/>;  and 
in  the  intermediate  part  of  the  sky  the  general  drift  must  be  backtcard 
with  reference  to  the  sun's  (and  earth's)  real  motion.  Just  as  one 
walking  in  a  park  fiUeil  with  people  moving  indiscriminately  in  differ- 
ent directions,  would,  on  the  whole,  find  that  tho«e  in  front  of  him 


460  THE  STARS. 

appeared  to  grow  larger,^  and  the  spaces  between  them  to  open  out, 
while  at  the  sides  they  would  diift  backwards,  and  in  the  rear  close 
up. 

The  spectroscope,  moreoyer,  ought  to  indicate  this  motion  and  undoubt- 
edly will  do  so  when  the  apparent  motion  in  the  line  of  sight  has  been  accur 
rately  determined  for  a  considerable  number  of  stars.  In  fact  one  or  two 
attempts  have  already  been  made  to  determine  the  solar  motion  in  this  way; 
in  the  quarter  of  the  sky  towards  which  the  sun  is  moving,  the  star  spectra 
should,  on  the  whole,  show  displacement  of  their  lines  indicating  approach^ 
and  vice  versa  in  the  opposite  quarter ;  and  these  observations  will  have  the 
advantage  of  showing  directly  the  sun*s  rate  of  motion  in  mUeSy  a  result 
which  is  not  given  by  investigations  founded  upon  the  angular  proper 
motions  of  the  stars.  As  yet,  however,  this  spectroscopic  method  has  not 
furnished  results  of  any  great  weight. 

805.  About  twenty  different  determinations  of  the  point  in  the  sky 
towards  which  this  motion  of  the  sun  is  directed  have  been  woi^ed 
out  by  various  astronomers,  using  in  their  discussions  the  angular 
proper  motions  of  from  twenty  to  twenty-five  hundred  stars.  All  the 
investigations  present  a  reasonable  accordance  of  results,  differing 
fi'om  each  other  only  by  a  few  degrees,  and  show  that  the  sun  is  now 
moving  toicards  a  jtoint  in  the  constellation  of  Hercnles^  having  a  right 
ascension  of  about  267°  and  a  declination  of  about  4-  81^,  This  point 
is  known  as  the  "  apex  of  the  suyi's  way" 

806.  Velocity  of  the  Son's  Movement.  — This  also  is  determined 
by  the  discussion,  and  comes  out  to  be  such  as  would  can*}*  the  sun 
and  its  system  about  b"  in  100  years  as  seen  from  the  average  sixth 
magnitude  star  (the  sixth  magnitude  is  the  smallest  easily  visible  to 
the  naked  eye).  If  we  know  with  any  certainty  the  distance  of  this 
average  sixth  magnitude  star  we  could  translate  this  motion  into 
miles;  but  at  present  this  indispensable  datum  can  be  little  more  than 
guessed  at.  On  the  reasonable  assumption  adopted  by  Ludwig  Strove 
(who  has  made  the  most  recent  and  extensive  of  all  the  investigations 
upon  the  motion  of  the  solar  system),  that  this  distance  is  about 
20,000000  times  tlic  astronomical  unit,  the  velocity  of  the  sun's 
motion  in  space  comes  out  about  five  units  per  year,  that  iS|  about 
five-sixths  of  the  earth's  orbital  velocity,  or  nearly  sixteen  miles  per 
second ;  but  this  result  must  be  considered  as  still  very  uncertain. 


1  Theoretically,  of  coarse,  the  start  towards  which  we  are  moving  mwl  appiar 
to  ^010  brighter  as  well  as  to  drift  apart;  Irat  this  change  of  hrightiMM,  though 
real,  is  entirely  i     ero^ptibls  within  a  hnman  lifetime. 
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Pio.  217. 

The  Earth's  Motion  in  Spaoe  at  aff«et«d 
by  tb«  8an'«  Drift. 


It  is  to  be  noted  that  thu  swift  motion  of  the  solar  system,  whUe  of 
coiir.se  it  affects  the  real  motion  of  the  planets  ira  ifpace,  conrerting  them  into 
a  sort  of  corkscrew  spiral  like  the  figure  (Fig.  217),  does  not  in  the  least 
affect  the  relative  motion  of  sun  and  plan- 
ets, as  some  paradoxers  have  supposed  it 
iiiu.st. 

807.  The  Central  Son.  —  We  men- 
tion this  subject  simply  to  say  that 
tliere  is  no  real  foundation  for  the  be- 
lief in  the  existence  of  such  a  body. 
Tlic  idea  that  the  motion  of  our  sun 
and  of  the  other  stars  is  a  revolution 
around  some  great  central  sun  is  a 
very  fascinating  one  to  certain  minds, 
and  one  that  has  l)een  frequently  sug- 
gested. It  was  seriously  advocated 
some  fifty  years  ago  by  M&dler,  who 
|)laced  this  centre  of  the  stellar  uni- 
verse at  Alcyone,  the  principal  star 
in  the  Pleiades. 

It  is  certainlv  within  bounds  to 
deny  that  any  such  motion  has  )>een  demonstrated,  and  it  is  still  lees 
probable  that  the  star  Alcyone  is  the  centre  of  such  a  motion,  if  the 
motion  exists.  So  far  as  we  can  judge  at  present  it  is  most  likely  that 
tlic  stars  are  moving,  not  in  regular  closed  orbits  armmd  any  centre 
whatever,  but  rather  as  l)ees  do  in  a  swarm,  each  for  itself,  under 
the  action  of  the  predominant  attraction  of  its  nearest  neighbors. 
The  solar  system  is  an  absolute  monarchy  with  the  sun  supreme.  The 
great  stellar  system  appears  to  be  a  republic,  without  any  such  central, 
unique,  and  dominant  authority. 

THE   PARALLAX  AND  DISTANCE  OF  THE   STARS. 

806.  When  we  speak  of  the  **  parallax  "  of  the  moon,  the  sun,  or 
a  planet,  we  always  mean  the  diurnal  parallax,  i.«.,  the  angular 
semi 'diameter  of  the  earth  as  seen  from  the  body  in  question.  In 
the  case  of  the  stars,  this  kind  of  parallax  is  hopelessly  insensible, 
never  reaching  an  amount  of  y^  ^^  of  a  second  of  arc. 

The  expression  ^^  parallax  of  a  utar**  always  means  its  anHual  par- 
allax, that  is,  the  semi-diameter  of  the  earth's  orbit  as  seen  from  the 
star.  Even  this  in  the  case  of  all  stars  bat  a  very  few  is  a  mere  frac- 
lion  of  a  second  of  arc,  too  small  to  be  measored.    In  a  few  iaatanoea 
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it  rises  to  about  half  a  second,  and  in  the  one  case  of  oar  nearest 
neighbor  (so  far  as  known  at  present) ,  the  star  a  Centanri,  it  appears 
to  be  about  0".9,  according  to  the  earlier  observei's,  or  about  0".75, 
according  to  the  latest  determination  of  Gill  and  Elkin.  In  Fig.  218 
the  angle  at  the  star  is  the  star's  parallax. 

In  accordance  with  the  principle  of  relative  motion  (Art.  492) ,  every 
star  has,  superposed  upon  its  own  motion  and  combined  with  it,  an 
apparent  motion  equal  to  that  of  the  earth  but  reversed.  If  the  star  is 
really  at  rest  it  must  seem  to  travel  around  each  year  in  a  little  orbit 
18G, 000000  miles  in  diameter,  the  precise  counterpart  of  the  earth's 
orbit  in  size  and  form,  and  having  its  plane  parallel  to  the  ecliptic. 


Star 


Fio.  218.  —  Tbo  Annual  Parallax  of  a  Star. 

Tf  the  star  is  neai*  the  pole  of  the  ecliptic  this  apparent "  parallactic  "  orbit 
will  be  viewed  perpendicularly  and  appear  as  a  circle ;  if  the  star  is  on  the 
ecliptic  it  will  be  seen  edgewise  as  a  short,  straight  line,  while  in  interme- 
diate latitudes  the  parallactic  orbit  will  api)ear  as  an  ellipse.  In  thia 
respect  it  is  just  like  the  **  aberrational "  orbit  of  a  star  (Art.  226);  but 
while  the  aberratioual  orbit  is  of  the  same  size  for  every  star,  having  always 
a  semi-major  axis  of  20'M92,  the  size  of  the  parallactic  orbit  depends  upon 
the  distance  of  the  star.  Moreover,  in  the  parallactic  orbit  the  star  is 
always  opposite  to  the  earth,  while  in  the  aberrational  orbit  it  keeps  just 
90°  ahead  of  her. 

809.  If  we  can  find  a  way  of  measuring  this  parallactic  orbit,  the 
star's  distance  is  at  once  determined.     It  equals 
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in  which  |)"  is  the  parallax  in  seconds  of  arc  (the  apparent  semi- 
major  axis  of  the  parallactic  orbit),  and  H  is  the  earth's  distance 
from  the  sun. 

The  determination  of  stellar  parallax  bad  been  attempted  over  and 
over  again  from  the  days  of  Tycho  down,  but  without  success  until 
Bossel,  in  1838,  succeeded  in  demonstrating  and  measuring  the  par- 
allax of  the  star  61  Cygni;  and  the  next  year  Henderson,  of 
the  Cape  of  Good  Hope,  brought  out  that  of  o  Centanri.    It  will 
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Ik'  remembered  lliat  it  wa«  mainly  on  account  of  his  failure  to  detect 
stellar  parallax  that  Tycho  rejected  the  CoiMjruican  theorj-  and  sub- 
stituted hin  own  (Art.  .'>04). 

KtMMiHT  of  CoptMihaKtMi)  in  1090,  thought  that  ho  had  detoct«*d  the  effect  of 
sti.'llar  parallax  in  his  observations  of  the  diflference  of  right  ascension  between 
Sirius  and  Vt»ga  at  different  times  of  the  year.  A  few  years  later,  Ilorrebow, 
Ills  successor,  froiu  his  own  discussion  of  Roemer's  obsenations,  made  out 
thf  amount  to  l)o  nearly  four  seconds  of  time  or  1',  and  published  his  pre- 
mature exultation  in  a  ImwIc  entitled  "  Coj>ernicus  Triuniphans."  Tlie  discov- 
«^ry  <»f  ahfrniiion  by  Bradley  explained  many  abnormal  results  of  the  early 
jistronomer.s  which  had  l>een  thought  to  arise  from  stellar  parallax,  and 
j»n)vc<l  that  the  ]>arallax  must  Im»  extremely  small.  About  the  l)eginning 
of  the  present  c<»ntury,  Brinkley  of  Dublin  and  Pond,  the  Astronomer  Royal, 
had  a  lively  controversy  over  their  o))servati(ms  of  a  Lyra»  (Vega).  Brink- 
ley  considi'red  that  hw  observations  indicate<l  a  jiarallax  of  nearly  IV,  Pond, 
on  th(>  other  hand,  from  his  obser\'ations  dtnluced  a  minute  negative  juirallax, 
wiiich.  as  some  one  luis  expressed  it,  would  put  the  star  ** somewhere  on  the 
other  siilc  of  nowhere."  In  fact,  as  it  tunis  out.  Pond  was  nearer  right  than 
Brinkley.  the  actual  (>arallax  as  deduee<i  from  the  latest  ol»s4'r>'ations  IxMug 
only  about  o".i>.  The  negative  ]>arallax,  like  the  nmch  too  large  result  of 
Brinkley,  simply  indicates  the  uncertainties  and  errors  incident  to  th« 
instruments  an<l  metho<bt  of  observation  then  used.  The  p^'ritMlical  changes 
of  temperature  and  air  pressure  continually  lead  to  fallacious  results,  except 
under  the  most  extreme  precautions. 

810.  Methods  of  determining  Parallax.  —  The  operation  of  mcas- 
nrin<x  a  stellar  parallax  is,  on  the  whole,  the  most  delicate  in  the 
whole  ran«ro  of  practical  astronomy.  Two  methodn  liavc  l)cen  suc- 
cessfully employed  so  far  —  the  nhHtpfnte  and  t!ie  (fijfferential. 

{(i)  The  first  method  consists  in  making  meridian  observations  of 
the  right  ascension  and  declination  of  the  star  in  question  at  differ- 
ent seasons  of  the  year,  applying  all  known  corrections  for  preces- 
sion, nuUition,  aberration,  and  proper  motion,  and  tlien  studying  the 
resulting  sUir-places.  If  the  star  is  without  parallax,  the  places 
should  be  identical  after  the  corrections  have  been  duly  applieil.  If 
it  has  parallax,  the  star  will  l)e  found  to  change  its  right  ascension 
and  declination  systematically,  though  slightly,  through  the  year.  But 
the  changes  of  the  seasons  so  disturb  the  constants  of  the  instrument 
that  tiie  method  is  treacherous  and  uncertain.  There  is  no  |K>s8ibil- 
ity  of  getting  rid  of  these  tem|>erature  effei*ts  (in  prcxlucing  changes 
of  refraction  and  varying  expansions  of  the  instnunent  itself)  by 
merely   multiplying    observations    and    taking   ai^enu^Sy  since    th^ 
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A  vigorouB  campaign  has  lately  been  organized  for  the  pnrpoee  of  obtain- 
ing within  a  reasonable  time  the  parallaxes  of  a  considerable  number  of 
stars  (perhaps  one  or  two  hundred),  —  enough  to  enable  us  to  deduce  flome 
general  laws  by  statistical  methods.  The  instruments  to  be  used  are  heli- 
ometers  of  six  or  seven  inches'  aperture,  one  of  which  is  at  the  Cape  of 
(jood  Hope,  another  has  just  been  erected  at  Bamberg  in  Germany,  mud  a 
third  is  at  New  Haven  in  this  country,  under  the  charge  of  Dr.  Elkin. 

As  regards  the  distance  of  stars,  the  parallax  of  which  has  not  yet  been 
measured,  very  little  can  be  said  with  certainty.  It  is  probable  that  the 
remoter  ones  are  so  far  away  that  light  in  making  its  journey  occupies  a 
thousand  and  perhaps  many  thousand  years. 

815*.  Since  the  above  was  written  Dr.  Elkin  has  published  the  result 
of  hb  obser^'ations  upon  ten  first-magnitude  stars,  as  follows:  a  Taori 
{Aldeharan),  0'M16±.029;  a  Auriga  (Capella),  0".1(I7^.047;  a  Orionia 
(Betelf/iteze),  0".0(W  :=  .049 ;  a  Canis  Minoris  (Procyan),  0".266  ±  .047 ;  fi  Gein- 
iuorum  {Pollux),  ()".068  ^  .047 ;  a  I^eonis  (7?^^ti/ttf),  O^.OOS  i:  .048 ;  a  Bootis 
{Arcturm),  0".0l8  -.  .022:  a  Lyrse  (Vefja).  0".034i  .015;  a  AquiUe  (^ICoar), 
0'M99  ►  .047:  a  Cygni  {D(nth),  0".042=  .047. 

Of  course  the  two  negative  results  simply  indicate  that  the  parallax  of  the 
large  star  was  less  than  that  of  the  comj^arison  stars  employed.  The  very 
•^mall  results  for  Vega  and  Arcturus  are  also  rather  surprising.  See  Table 
IV.  of  Appendix. 
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CHAPTER   XX. 

rnE  li(;ht  of  the  stabs.  —  star  magnitudes   and  pho- 

TOMETUY.  —  VAKIAHLE  STABS.  —  STELLAB  SPECTBA.  —  SCIN- 
TILLATION  OF   STABS. 

816.  Star  Magnitadet.  —  The  term  *^  magnitude/'  as  applied  to  a 
8tar,  refers  simply  to  its  brightness.  It  has  nothing  to  do  with  its 
apparent  angular  diameter.  Ilipparehus  and  Ptolemy  arbitrarily 
graded  the  vi8il)lc  stars,  according  to  their  brightness,  into  six  classes, 
the  stars  of  the  sixth  magnitude  l)eing  the  smallest  visible  to  the 
eve,  while  the  first  class  comprises  about  twenty  of  the  brightest. 
There  is  no  assignable  reason  why  six  classes  should  have  been 
constituted,  rather  than  eight  or  ten. 

After  the  invention  of  the  telescope  the  same  system  was  extended 
to  the  smaller  stars,  but  without  any  general  agreement  or  concert, 
so  tliat  the  magnitudes  assigned  by  different  observers  to  telescopic 
stars  vary  enormously.  Sir  William  Ilerschel,  especially,  used  very 
high  numl)er8  :  his  twentieth  magnitude  being  about  the  same  as  the 
fourtceuth  on  the  scale  now  generally  used,  which  more  nearly 
corres|X)nds  with  that  of  the  elder  Struve. 

817.  Fractional  Kagnitodei.  —  Of  course,  the  stars  classed  to- 
got  her  under  one  magnitude  are  not  exactly  alike  in  brightness,  but 
shade  from  the  brighter  to  the  fainter,  so  tliat  exactness  requires  the 
use  of  fractioncd  magnitudes.  It  is  now  usual  to  employ  decimals 
giving  tlic  brightness  of  a  star  to  the  nearest  tenth  of  a  magnitude. 
Tlius,  a  star  of  4.«3  magnitude  is  a  shade  brighter  than  one  of  4.4, 
and  so  on. 

A  {)eculi»r  notation  was  employed  by  Ptolemy,  and  used  by  Argelander 
in  Ills  '' rraminietriii*  Nova.*'  It  recognizes  thirds  of  a  magnitude  as  the 
8inallt\st  subdiviBion.  Thus,  2,  2,3,  8,2,  and  3  express  the  gradations 
l>ot%v(>(*n  8<vond  and  third  magnitude,  2,3  being  applied  to  a.  star  whose 
Itiiu'litness  is  a  little  inferior  to  the  second,  and  3,2  to  one  a  little  brighter 
tii:in  \\w  third  magnitude. 


^  '\\\v  term  "  rranoniotria '*   has  come  to  mean  a  catalogue  of  naked-eyt  itan; 
like  the  cauloguet  of  Uipparchus,  Ptolemy,  and  Ulugh  Beigh. 
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A  vigorous  campaign  has  lately  been  organized  for  the  pvpoee  of  obtain* 
ing  within  a  reasonable  time  the  parallaxes  of  a  considerable  number  of 
stars  (perhaps  one  or  two  himdred), — enough  to  enable  us  to  deduce  some 
general  laws  by  statistical  methods.  The  instruments  to  be  used  are  heli- 
ometers  of  six  or  seven  inches'  aperture,  one  of  which  is  at  the  Cape  of 
(^k>od  Hope,  another  has  just  been  erected  at  Bamberg  in  Germany,  and  a 
third  is  at  New  Haven  in  this  country,  under  the  charge  of  Dr.  Elkin. 

As  regards  the  distance  of  stars,  the  parallax  of  which  has  not  yet  been 
measured,  very  little  can  be  said  with  certainty.  It  is  prthdbie  that  the 
remoter  ones  are  so  far  away  that  light  in  making  its  journey  oocupiee  a 
thousand  and  perhaps  many  thousand  years. 

816*.  Since  the  above  was  written  Dr.  Elkin  has  published  the  reeolt 
of  his  observations  upon  ten  first-magnitude  stars,  as  follows:  a  Tanri 
{Aldeharan),  0'M16±.029;  a  Aurigae  (Capelld),  0".107i:  .047;  a  Orionie 
(Betelgueze),  0".0O9  fc  .019 ;  a  Canis  Minoris  (Procyon),  0".266  ±  .047 ;  fi  Gem- 
inorum  (Pollux),  O".068±.O47;  a  I^onis  (/?c^u/t«),  O^.ODSdb  .048;  a  Bootis 
(Arcturug),  0".()18  i  .022;  a  Lyrje  (Veffa),  0".034±  .045;  a  Aqniln  (AUavr), 
0'M99  j=  .047;  a  Cygni  (Deneh),  0".042  *■  .047. 

Of  course  the  two  negative  results  simply  indicate  that  the  paraUax  of  the 
large  star  was  less  than  that  of  the  comparison  stars  employed.  The  very 
small  results  for  Vega  and  Arcturus  are  also  rather  surprising.  See  Table 
I V.  of  Appendix. 
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CHAPTER   XX. 

rilE  LKJHT  OF  THE  STAR8.  —  STAR  MAGNITUDES  AND  PHO- 
TOMETRY.—  VARIABLE  STARS.  —  STELLAR  SPECTRA.  —  SCIN- 
TILLATION  OF   STARS. 

816.  Star  Magnitadet.  —  The  term  ^^  magDitude,"  as  applied  to  a 
Htar,  ivfers  simply  to  its  brightness.  It  has  nothing  to  do  with  its 
apparent  angular  diameter.  Ilipparehus  and  Ptolemy  arbitrarily 
graded  the  visible  stars,  according  to  their  brightness,  into  six  classes, 
the  stars  of  the  sixth  magnitude  l)eing  the  smallest  visible  to  the 
eye,  while  the  first  class  comprises  about  twenty  of  the  brightest. 
There  is  no  assignable  reason  why  six  classes  should  have  been 
constituted,  rather  than  eight  or  ten. 

After  the  invention  of  the  telescope  the  same  system  was  extended 
to  the  smaller  stars,  but  without  any  general  agreement  or  concert, 
so  that  the  magnitudes  assigned  by  different  observers  to  telescopic 
stars  vary  enormously.  Sir  William  Herschel,  especially,  used  very 
high  uum>>er8  :  his  twentieth  magnitude  being  about  the  same  as  the 
fourteenth  on  the  scale  now  generally  used,  which  more  nearly 
corresponds  with  that  of  the  elder  Struve. 

817.  Fractional  Kagnitades. — Of  conrse,  the  stars  classed  to- 
gether under  one  magnitude  are  not  exactly  alike  in  brightness,  but 
sha<U  from  the  brighter  to  the  fainter,  so  that  exactness  requires  the 
use  of  fractional  magnitudes.  It  is  now  usual  to  employ  decimals 
giving  the  brightness  of  a  star  to  the  nearest  tenth  of  a  magnitude. 
riuis,  a  star  of  4.3  magnitude  is  a  shade  brighter  than  one  of  4.4, 
and  so  on. 

A  i>eculiar  notation  was  employed  by  Ptolemy,  and  used  by  Argelander 
in  Ills  *' Tranometria  1  Xova.*'  It  recognizes  thirds  of  a  magnitude  as  the 
smallest  sub<livision.  Thus,  2,  2,3,  .3,2,  and  3  express  the  gradations 
l>et\vt>t>n  second  and  third  magnitude,  2,3  being  aj^lied  to  a.  star  whose 
)>rii;htiu>ss  is  a  little  inferior  to  the  second,  and  3,2  to  one  a  little  brighter 
than  th<-  thinl  magnitude. 


1  rhi>  term  "  IVanoiiivtria  "   liat  come  to  mean  a  catalogue  of  naked-ejft 
like  the  cauloguet  of  UipiMurchuf,  Ptolemy,  and  Ulugh  Beigh. 
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618.  Btan  Visible  to  the  Naked  Eye.  —  Hels  eanmemtes  ttie 
Btara  clearly  visible  to  the  Dake<t  eye  io  the  part  of  the  sky  north  of 
35°  south  declination,  as  follows :  — 


lat  niagnilude,      .     . 
2d          " 
3d          » 

.     .     .      1* 
.     .     .      48 
.     .    .    152 

4th  magnitude,     .    . 
5th        "             .    . 
flth         " 

...    SIS 
.    .    .    8M 
.    .    .  9010 

According  to  Newcomb,  the  number  of  stars  of  each  m^mtnde  is  saeh 
that  united  they  would  give,  roughly  speaking,  somewhere  nearly  the  asme 
amount  of  light  as  that  received  from  the  aggregate  of  those  of  the  next 
brighter  magnitude.  But  the  relation  is  very  far  from  exact,  and  seems  to 
fail  entirely  for  the  fainter  magnitudes  below  the  tenth  or  eleventh,  Hm 
smaller  stars  being  less  numerous  than  they  should  be.  In  fact,  if  the  lav 
held  out  perfectly,  and  if  light  was  transmitted  through  space  without  hm, 
the  whole  sky  would  be  a  blaze  of  light  like  the  surface  of  the  snn. 

819.  Light-Batio  and  Absolnte  Scale  of  Star  XagnitadM.  —  It 

was  found  by  Sir  .lolin  llerschel,  about  fifty  years  ago,  that  the  li^lt 
given  by  the  average  star  of  the  first  magnitude  is  Jnst  abont  one 
hundred  times  as  grc.it  as  that  received  from  one  of  the  sixth,  and 
that  a  corrcspoudiug  ratio  has  lK;en  pretty  nearly  maintained  through- 
out the  scale  of  magnitudes,  the  stars  of  each  magnitude  being  about 
2^  times  (-t^iOO)  brighter  tliau  those  of  the  next  inferior  magnitude. 
The  number  which  expresses  the  ratio  of  the  light  of  a  star  to  that  of 
another  one  magnitude  fainter  is  called  the  light-ratio. 

In  the  star  magnitudes  of  the  maps  by  Argelauder,  Heis,  and  othets, 
which  arc  most  use<1  at  present,  the  divergence  from  a  strict  uaiformtty 
of  light-ratio  is,  howevci'.  sometimes  serious.  Some  forty  years  ago 
it  was  proposed  by  Pogsoii  to  rcfoiin  the  system,  by  adopting  a 
scale  with  the  uniform  light-ratio  of  'v'iuU,  adjusting  the  first  six 
magnitudes  to  corres{)ond  as  nearly  as  possible  with  the  magnitudes 
hitherto  assigned  bv  loading  authorities,  and  then  carrying  forward 
the  scale  indefinitely  among  the  telescopic  stars.  Until  recently  thii 
"■^  abiohife.  Kale  of  magnitude.,"  as  it  has  been  called,  has  not  been 
much  used ;  but  in  the  New  I'l'anomctrias  lately  made  at  Cambridge 
and  Oxford  it  litis  beeQ  nilopted,  and  astronomers  geoentD;  now 
eudeavor  to  conform  to  it. 

820.  Belative  Brightneu  of  Different  Star  Kagnitodea. 

scale  the  light-ratio  between  successive  magnitudes  if  lu 
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V 100,  or  the  number  irhose  logarithm  is  0.4000,  viz.,  2.512.  Its  recip- 
rocal is  the  number  whose  logarithm]  is  I>.r»00O,  viz.,  0.31181.  If  6i  is 
tlic  brightness  of  a  standard  first-magnitude  star,  expressed  either  in 
candle-i)ower  or  other  convenient  unit,  and  b^  Ik;  the  brightness  of  a 
star  of  the  nth  magnitude  on  this  scale,  we  shall  therefore  have 

log/;,  =  log6,-^(n-l)  ; 

(a  —  1)  in  this  ecpiation  being  the  number  of  magnitudes  between  the 
star  of  the  first  magnitude  and  the  star  of  the  nth  magnitude;  i.e., 
for  a  star  of  tlie  sixth  magnitude  (n  —  1)  is  ;'> ;  so  that  for  a  star  of 
the  sixth  magnitude  the  equation  reads, 

log  b^  =  log  />,  -  ^\  X  r»  =  log  !*,  —  2. 

With  this  light-ratio,  every  difference  of  five  magnitudes  corresponds 
to  a  multiplication  or  division  of  the  star's  light  by  100  ;  t.e.,  to  make 
one  star  as  bright  as  the  standard  star  of  the  first  magnitude  it  would 
reciuirc  100  of  tlie  sixth,  10,000  of  the  eleventh,  1,000000  of  the  six- 
teenth, and  100,000000  of  the  twenty-first  magnitude. 

As  nearly  standard  stars  of  the  first  magnitude  on  this  scale  wo 
have  u  Afpiila*  and  Aldebaran  (a  Tauri).  The  other  stars  usually 
counted  as  of  first  magnitude  are  some  of  them  sensibly  brighter,  and 
others  fainter  than  these.  The  ix)le-star  and  the  two  *'  jiointers  "  an» 
very  nearly  standard  stars  of  the  serond  magnitude. 

821.  Negative  Magnitudes.  — Acconling  to  this  scale,  stars  that  are 
ono  inai^ititudf  hrit/hter  than  thos(*  of  the  standard  first  would  be  of  the  zfro 
iiui^niitiide  (as  is  the  ciise  with  Arcturus),  and  tliost^  that  are  brighter  yet 
would  bo  of  a  ntgativt  magnitude;  <*.«/.,  the  magnitude  of  Sirius  is  —  l.l>>; 
and  Jupitor  at  ()p(H>sition,  in  conformity  to  this  system,  is  descril^ed  vu^  a 
star  of  iH'arly  —2d  inagintu<lts  which  means  that  it  is  nearly  2.51',  or  al>out 
1<»  times  hritjhter  than  a  star  of  the  +  1st  magnitiidt'  like  Aldvbaran.  Aooonl- 
iiig  to  SoideK  Jupiter  at  o[»|K)sition  is  alnmt  S\  times  as  bright  as  Vega,  which 
wj)uld  make  its  »*  magnitude  **  —  2.0(*,  Vega  being  of  magnitude  0.2. 


822.  Relation  of  Sixe  of  Telescope  to  the  Kftgnitnde  of  the 
Smallest  Star  Visible  with  it.  —  If  a  tele8coi)e  just  shows  a  star 
of  a  given  magnitude,  then  to  show  stars  one  magnitude  smaller 
we  recjuire  an  instrument  having  its  aperture  laiyer  in  the  ratio  of 
V2.r)l2  (or  \/lOO)  to  1;  i.e.,  as  1.59:1.  Every  tenfold  increase 
in  the  diameter  of  the  object-glass  will  tlicrefore  carry  the  |)ower  of 
vision  Just  Jive  magnihtdiu  loteer. 


.tA 
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Assuming  what  seems  to  be  very  nearly  true  for  normal  eyes  and  good 
telescopes,  that  the  minimum  vijtihle  for  a  one-inch  aperture  is  a  star  of  the 
ninth  magnitude,  we  obtain  the  following  little  table  of  apertures  required  io 
show  stars  of  a  given  magnitude. 


Star  Magnitude .  . 
Aperture 

i 
0K40 

8 

()»n.03 

9 
li».00 

10 
li».59 

11 
2K51 

12 
8>».9d 

Star  Magnitude .  . 
Aperture 

13 
0'".31 

14 
10«".00 

15 
15»°.90 

16 
2r)«n.l0 

17 
39t".80 

18 
63«-.10 

But  on  account  of  the  increased  thickness  necessary  in  the  lenses  of  laige 
telescopes,  they  never  quite  equal  their  theoretical  capacity  as  compared  with 
smaller  ones. 

The  smallest  stars  visible  by  the  Lick  telescope  (thirty-six  inches  aperture), 
after  allowing  for  all  the  advantage  of  the  site,  are  not  quite  a  whole  magnitude 
l>elow  the  smallest  visible  with  the  AVashington  telescope;  but  the  nimifter 
visible  will  be  at  least  double ;  since  the  smaller  stars  are  vastly  the  more 
numerous. 

823.  Measurement  of  Star  Kagnitudes  and  Brightnen.  —  Until 

recently  all  such  measurements  were  mere  eye-estimates,  and  even 
yet  all  photometric  measurements  depend  ultimately  on  the  judgment 
of  the  eye.  But  it  is  possible  by  the  help  of  instruments  to  aid  this 
judgment  very  much  by  limiting  the  point  to  be  decided,  to  the 
question  whether  two  lights  as  seen  arc,  or  are  not,  exactly  eqnal, 
or  else  making  the  decision  depend  on  the  visibility  or  non-visibility 
of  some  appearance. 

824.  Method  of  Sequences.  —  For  some  purposes  the  unassisted 
eye  is  quite  as  good  as  any  photometric  instrument.  It  Judges 
directly  with  great  precision  of  the  order  of  brightness  in  which  a 
number  of  objects  stand.  In  the  method  of  ^'  sequences,"  as  it  is 
called,  ttie  observer  merely  arranges  the  stars  he  is  comparing,  say 
to  the  number  of  fifty  or  so,  in  the  order  of  their  brightness,  taking 
care  that  the  stars  in  each  sequence  list  are  nearly  at  the  same 
altitude,  and  seen  under  equally  favorable  circumstances.  Then  he 
makes  a  second  se([uonce,  taking  care  to  include  in  it  some  of  the 
stars  that  were  in  the  first ;  and  so  on.  Finally,  from  the  whole  set 
of  sequences,  a  list  can  ]>e  formed,  including  all  the  stars  contained  in 
any  of  them,  arranged  in  the  order  of  brightness.  This  process  gives, 
however,  no  determination  of  the  light-ratio,  nor  of  the  nnmher  of 
times  by  which  the  light  of  the  brightest  exceeds  that  of  the  faintest. 


INSTRUMENTAL   METHODS.  471 

Variable  stars  are  still  often  observed  in  this  way,  the  stars  with  which 
t  hoy  are  compared)  being  such  as  have  their  magnitudes  already  well  deter- 
iniiied. 

825.  2.  Inftmmental  Methods.  — Thc^e  are  based  on  two  different 
principles :  — 

a.  The  measurement  is  made  by  causing  the  star  to  (Unapitear  by 
diminiHhing  its  ligtit  in  some  measurable  way.  This  is  UHually  referred 
to  as  the  **  niethcMl  of  extinctions.** 

b.  The  measurement  is  effected  by  causing  the  liglit  of  the  star  to 
appear  just  equal  to  some  other  standard  liglit,  by  decreasing  the 
brightness  of  tiie  star  or  of  the  standard  in  some  known  ratio  until 
they  are  perfectly  equalized. 

Tinh^r  the  first  hea<i  come  the  photometers  which  act  upon  the  principle 
nf  ^'limitinf/  aperturex.**  The  telescoi>e  is  fitted  with  some  arrangement, 
ofUMi  :i  MM-alled  '•  cat's-eye,"  by  which  the  available  aperture  of  the  object- 
glass  can  bo  diniiuLshed  at  will,  and  the  obser\'ation  consists  in  determining 
with  what  area  of  object-glass  the  star  is  just  visible.  The  method  is  em- 
barrassed by  constant  errors  from  the  fact  that  the  greater  thickness  of  the 
glass  in  the  middle  of  the  lens  comes  into  account,  and,  still  worse,  from  the 
fact  that  the  image  of  the  star  l>ecome8  large  and  diffuse  on  account  of 
(litVraction  when  the  aj»i*rture  is  verj'  much  re<Iuced. 

826.  The  Wedge  Photometer.  —  The  method  of  producing  the 
'*  extinction  **  by  a  ^'^tceihje**  of  dark,  neutral- tin teil  glass  is  much 
better.  The  wedge  is  usually  five  or  six  inches  long,  by  perhaps  a 
4iuart<'r  of  an  inch  wide*  and  at  the  thick  end  cuts  off  light  enough  to 
extiiio^uish  the  brightest  stars  that  are  to  be  ol)served.  In  the 
Pritchard  form  of  the  instrument  this  we<lge  is  placed  close  to  the 
eye  :it  the  eye-hole  of  the  eye-piece ;  in  some  other  forms  it  is  placed 
at  the  principal  foviin  of  tlie  object-glass,  where  micrometer  wires 
would  be  put. 

In  observation  the  we<lge  is  pusheil  along  promptly  until  the  star 
just  disap|)ear8,  and  a  graduation  on  the  e<lge  of  the  slider  is  read. 

The  great  simplicity  of  the  instrument  commends  it,  and  if  the  wedge  is 
a  g<>o<l  one  of  really  neutral  glass  (which  is  not  easy  to  get),  the  results  are 
HMiiai  kably  aceurate.  But  the  obser\'ations  are  very  trying  to  the  eyes  on 
aivoinit  ot  the  straining  to  ki^p  in  sight  an  object  just  as  it  is  liecoming 
invi>ibl»'.  The  constant  of  the  we<lge  must  be  carefully  determined  in  the 
l;i)M»ralnry,  !>•.,  what  length  of  the  wedge  correftponds  to  a  diminution 
f  tht'  light  of  a  star  by  just  one  magnitude  (cutting  off  O.W>2  of  itJi  light). 
It  is  convenient  to  have  the  slider  graduated  into  inches  or  miilimeters  on 
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the  one  edge  and  magnitudes  on  the  other.  The  *'  Uranometria  Nova  Ozo- 
nieusis  **  is  a  catalogue  of  the  magnitudes  of  the  naked-eye  stars  to  the  namber 
of  2784,  between  the  ixAe  and  10°  south  declination,  observed  with  an 
instrument  of  this  kind  by  Professor  Pritchard,  and  published  in  1885. 

827.  Polarization  Photometers.  —  The  iDstruments,  however,  with 
which  most  of  the  accurate  photometric  work  upon  the  stars  has  been 
done,  are  such  as  compare  the  light  of  the  star  with  some  standard 
by  means  of  au  ^^  equalizing  aj)paratus"  based  on  the  application  of 
the  principles  of  double  refraction  and  polaiization. 

The  light  of  either  the  observed  star  or  the  comparison  star  (real  or 
artificial)  is  ix>larized  by  transmission  through  a  Nicol  prism,  or  else  both 
pencils  are  scut  through  a  double  refracting  prism.  The  images  are  viewed 
with  a  Nicol  prism  in  the  eye-piece ;  and  by  turning  this  the  polarized  image 
or  images  can  be  varied  in  brightness  at  pleasure,  and  the  amount  of  yaria- 
tion  determined  by  reading  a  small  circle  attached  to  it.  In  the  photometers 
of  Sc'idel  and  Ziilhier,  who  observed  comparatively  few  objects,  bat  very 
accurately,  the  artificial  star  with  which  the  real  stars  were  compared  was 
formed  by  light  from  a  petroleum  lamp,  shining  through  a  small  aperture, 
and  reflected  to  the  eye  by  a  plate  of  glass  in  the  telescope  tube.  Professor 
Pickering,  in  liis  extensive  work  embodied  in  the** Harvard  I^otometry** 
(published  in  IS84,  and  giving  the  magnitudes  of  4260  stars)  used  the 
}K)le-star  as  the  standard,  bringing  it  by  an  ingenious  arrangement  into  the 
sanu»  field  with  the  star  obser>'ed. 

Photometric  observations  in  many  cases  require  large  and  some- 
what uncertain  corrections,  especially  for  the  absorption  of  light  by 
the  atmosphere  at  different  altitudes,  and  the  final  results  of  different 
observers  naturally  fail  of  absolute  accordance.  Still  the  agreement 
between  the  two  catalogues  of  Pickering  and  Pritchard  is  remarkably 
close,  generally  within  one  or  two  tenths  of  a  magnitude. 

S2S.  The  Meridian  Photometer. — This  instrument,  contrived  and 
used  by  Professor  Pickering  in  the  observations  of  the  Harvard  Photometry, 
consists  of  a  t('U\sco|>e  with  two  object-glasses  side  by  side.  The  telesoope  ia 
pointed  nearly  oast  and  west,  and  in  front  of  each  object-glass  is  placed  a 
>ilvered  glass  mirror  (M^  and  3/s,  Fig.  219)  at  an  angle  of  45^.  One  of  the 
mirrors  is  so  set  as  to  bring  the  rays  of  the  pole-star  to  one  object-glass;  the 
other  mirror  is  capable  of  being  turned  around  the  optical  axis  of  the  telesoope, 
in  such  a  way  as  to  command  a  star  at  any  part  of  the  meridian,  and  bring  its 
light  into  t)ie  other  object-glass.  At  the  eye-end  is  placed,  first  (i.e.,  next  the 
object-glass),  a  double-image  prism  A  which  separates  any  pencil  of  light 
falling  u}K)n  it  into  two,  polarized  at  right  angles  to  each  other.  The  **  ordi- 
nary "  rays  come  through  nearly  undeiiected,  but  the  '*  extraordinaiy  **  are 
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Ix'tit  out  of  their  course,  as  indicated  in  the  figure^  where  the  pencil  Ay  coming 
from  (>bj<'ct-glas8  No.  1,  is  divided  into  two  pencils  a«  and  a^  and  in  the 
satno  way  the  pencil  B,  from  the  second  objective,  is  divideil  into  h^  and  6«. 
The  angle  of  the  double-image  prism  />  is  so  chosen  that  «,  and  h,  will  be 
nearly  parallel  to  each  other,  and  a  suitable  diaphragm^  E  cut«  off  the  two 
other  pencils  o.  and  6..  A  Xicol  prism  N  receives  the  two  pencils  that  come 
through  the  diaphragm,  and  the  eye  views  the  two  images  through  the  eye- 
pi(H!e  at  /.  These  pencils,  l)eing  polarized  at  right  angles  to  each  other,  will 
vary  in  their  brightness  when  the  Nicol  is  turned,  one  of  them  l)ecoming 
brighter  and  the  other  fainter;  and ybur  {K)6ition8  of  the  Nicol  can  Ih^  found 


Fio.  219.  —  PIckerlDic's  Meridimn  I*hotometcr. 


at  which  the  images  will  appear  equal  in  brightness,  whatever  may  be  the 
original  ratio  of  brightness  between  the  pole^tar  and  the  object  obser^-ed. 
On  looking  into  the  instrument  the  observer  sees  two  stars,  the  pole-star  at 
rest,  the  other  moving  along  as  in  a  transit  instrument.  He  simply  turns 
the  Xicol  until  the  images  are  equalize<l,  setting  the  Xicol  at  all  the  four  dif- 
ferent panitions  which  will  produce  the  effect,  and  reading  the  graduated 
circle  (\  Tlie  whole  operation  consumes  not  more  than  a  mhiute,  with  the 
help  of  an  assistant  to  re<*ord  the  numbers  as  read  off.  Tlie  **  Har^'ard  Pho- 
tometry '*  (usually  referretl  to  simply  as  **  H.  P.")  was  nia^le  by  means  of  an 
instriiiiieiit  with  object-glasses  only  two  inches  and  a  half  in  diameter.  An 
instrument  with  four-inch  lenses  is  now  at  work  in  Cambridge,  measuring 
the  magnitudes  of  all  the  nearly  80,000  stars  of  Argelander's  Durchmus- 
tfruufj,  which  are  of  the  eighth  magnitude  or  brighter. 

81^.    Photometry  by  means  of  Photography. — It  has  been  found  that, 

excepting  a  few  strongly  colored  slars,  the  intensity,  or  more  simply  the  $ize,  of 
th(>  image  of  a  star  formed  upon  a  photographic  plate  may  be  used  asa  meaa- 
ure  of  its  brightness  as  com{iared  with  other  stars  taken  on  tlie  same  plate, 
or  on  similar  plates  similarly  ex{>o0ed.  The  companson  becomes  easier  and 
more  accurate  if  the  photographic  telesco^ie  is  not  ma<ie  to  follow  the  stars 
exiictly,  but  is  allowed  to  lag  a  little  so  tliat  the  star  fonns  a  **  trail.*'  It  will, 
therefore,  l>e  |H>Hsible  to  use  the  plates  of  the  great  photographic  star  campaign 
to  determine  star  magnitudes  as  well  as  positions.  But,  as  has  been  intimated, 
tliere  are  some  anomalies;  certain  stars,  for  instance,  that  are  hardly  visible  to 


'I'he  diaphragm  E  may  be  replaced  by  an  eye-ftop  at  /. 
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the  naked  eye,  photograph  as  bright  stars,  and  there  an  othen^red  stan 
—  that  are  abDormally  faint  on  the  plate.  The  exceptions  are  numeroiu 
enough  to  laaka  it  necessary  to  use  photographic  inagiiitudes  with  oration. 

830.  Star  Colon  and  their  Effeota  on  Fhotometrr.  — The  atan 
differ  considerably  in  color.  The  majority  are  of  a  very  para  white, 
like  Sirius  and  the  eun,  but  there  are  not  a  few  of  a  yellowiah  bae, 
like  Capella,  or  reddish,  hko  AretuniB  and  Antarea ;  and  there  are 
some,  mostly  small  stars,  which  arc  as  red  aa  garneta  and  nibies. 
Wc  also  hare,  associated  with  larger  onea  in  double-star  systems, 
numerous  small  stars  which  are  strongly  green  or  blue ;  and  there 
arc  a  few  large  isolated  stars,  which,  like  Vega,  are  of  a  decidedly 
bluieh  tinge. 

These  differences  of  color  embarrass  photometric  measnrements  made  by 
either  of  the  methods  described,  because  it  is  impossible  to  make  a  red  star 
look  identical  with  a  blue  one  by  any  mc^re  increase  or  diminntian  of  bright- 
ness, and  because  different  observers  will  differ  io  setting  the  wedge  of  an 
extinction  photometer  according  to  the  color  of  the  star.  Sotne  eyes  are 
abnormally  sensitive  to  blue  light,  some  to  red.  To  the  writer,  for  instance, 
Vega  is  decidedly  superior  to  Arcturus,  while  the  majority  of  obaerreta  see 
the  difference  as  decidedly  the  other  way. 

831.  Spectrum  Photometry. — The  only  complet«Iy  satisfactory  and 
scientific  niefhod  noulil  be  to  compare  the  8i)ectra  of  the  stars  wiUi  some 
standard  spectrum,  ,<ny  thai  of  the.  pole-»lar,  dividing  the  spectmm  into  a  con- 
siderable  iiuinlicr  of  portions,  and  determining  and  recording  the  amonnt 
of  light  in  each  portion  of  the  spectrum  as  comi>ared  with  homok^iu  parts 
of  the  standard  s])ectrut]i.  This,  of  course,  would  immensely  inetesse  the 
work  of  co]i)i>aring  the  briglitness  of  the  stars ;  but  it  is  qnita  feasible  to  do 
it  for  a  few  liuudred  of  the  brighter  ones,  and  it  would  be  well  worth  accom- 
plishment. If  we  ever  succeed  in  getting  photc^aphic  plates  equally  sen- 
sitive Io  rays  uf  all  ware  length,  photography  would  answer  the  purpose  well. 

832.  Starlight  compared  with  Sunlight. —  The  light  neefved  from 
a  first-miigiiitudc  star  like  Vega  is  atx)ut  iinnni  iettiffT  ("^^  forty 
thousand  millionth)  of  that  from  the  sun,  according  to  the  determi- 
nations of  Zollner  and  others.  The  meaaurcment  ia  not  eaay,  mad 
must  lie  taken  as  baring  a  very  considerable  margin  of  error. 

Sinus  is  nearly  cqiiiralcnt  to  eix  of  Vega,  its  light  being  abottt 
TTintVuffuiFir  of  the  sun's. 

Since  the  light  of  a  sixtli-ni.ignitude  star  is  only  y^  of  that  of  % 
standard  first-mognitude,  it  follows  that  it  would  reqnire  4,C 
000000  of  stars  of  Vega's  magnitude  to  give  ua  aun^ht. 
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833.  Total  Light  of  the  Stars.  —  Assuming  what  is  roughly,  though 
not  exactly,  true,  that  Argelander^s  magnitudes  follow  the  standard 
scale,  it  appears  that  the  324,000  stars  north  of  the  equator  enumer- 
ated in  liis  Dnixhmustening  give  a  light  about  equal  to  that  of  240  first- 
ii):i<;nitudc  ntars  ;  but  it  is  noticeable  that  the  aggregate  amount  of  light 
<riven  by  the  Htars  in  each  of  the  fainter  magnitudes  increases  rapidly. 

Tlie  followin^v  is  the  eHtimate,  substantially  according  to  Newcomb :  — 
10  htars        (alK)ve  the  2d  magnitude)  =     6.0  first-magnitude  stars. 
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How  much  to  add  for  the  still  smaller  magnitudes  is  very  uncertain.  Be- 
yond the  tenth  magnitude  the  number  of  small  stars  does  not  increase  pro- 
portionately fa.st,  so  that  if  we  could  carry  on  the  account  of  stars  to  the 
t\>enti('th  magiiitu<le.  it  is  practically  certain  that  we  shouhi  not  find  the  total 
li,i;ht  of  the  aggregate  stars  of  each  succeeding  magnitude  increasing  at 
any  such  rate  as  from  th«»  m'venth  to  the  tenth.  l*erha|is  it  would  l>e  a  not 
unr(MsonaM<'  i^.stitnat*'  to  put  tii«;  total  starlight  of  the  northern  hemisphere 
as  <M)uiv:il<M)t  to  about  1.')<M)  first -magnitude  stars,  or  that  of  the  whole  sphere 
at  :Uhhk  'Ihis  would  make  the  total  starlight  on  a  clear  night  aUmt  i^oi 
tht'  li^ht  of  \\w  full  nuMm,  and  al)out  j*  oiooAa  ^hat  of  the  sun.  The  light 
from  the  stars  N^hieh  art>  visible  to  the  naked  eve  would  not  be  as  much 
a^  ^1.  of  the  whole.  But  the  aliove  estimate  of  the  light  received  from  the 
extriMuely  small  stars  is  hardly  more  than  a  mere  guess,  and  may  hereafter 
re<M'ive  im|>ortant  corrections. 

834.  Heat  from  the  Stan.  —  Attempts  have  been  made  to  mean* 
lire  by  a  sensitive  thermopile  the  heat  received  from  certain  stars. 
Both  Hu(!:gins  and  Stone  (alx)Ut  1870)  tliought  they  had  obtained 
sensible  indications  of  heat  from  Arcturus  and  Vega  ;  but  their  results 
have  not  since  been  confirmed ;  and  unless  the  radiation  of  invisible 
ener<;y  by  these  stars  is  much  greater  iu  comparison  with  their  light 
tliau  is  the  case  with  the  sun,  it  is  almost  certain  that  there  roust  be 
some  illusion  in  the  matter.  40050 ^oocoflg  ^^  ^^^  sun*8  hent  could 
hardly  be  shown  by  any  instrument  known  to  science,  and  there  is  00 
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present  reason  to  suppose  that  the  total  heat  received  ftom  the  stars 
bears  a  larger  ratio  to  that  received  from  the  sun  than  stariight  does 

to  sunlight, 

835.  Amount  of  Light  emitted  by  Certain  Stars. — This,  of  course, 
is  something  vastly  different  from  that  received  by  us.  A  star  may 
emit  hundreds  of  times  as  much  light  as  the  sun,  and  yet,  if  the  star 
is  remote  enough,  the  amount  that  reaches  the  earth  will  be  only  an 
excessively  minute  fraction  of  sunlight.  If  I  he  the  amoant  of  light 
that  we  receive  from  a  star,  expressed  in  terms  of  sunlight  at  the  earth, 
then  the  total  amouut  of  light  emitted,  L,  is  given  by  the  simple  eqaatioD, 

D  being  the  distance  of  the  star  in  astronomical  units,  while  L  is 
expressed  in  terms  of  the  sun's  light  emission. 

Turning  to  the  table  of  stellar  parallax  (Appendix,  Table  IV.), 
we  find  that,  according  to  Gill  &  Klkin,  D  for  Sirius  equals  542,000 ; 

whence,  for  ISnius,     L  = =  42.0 ; 

7000  000000 

that  is,  the  light  emitted  by  Sirius  is  more  than  forty  times  as  much 
iis  that  emitted  bv  the  sun. 

If  w('  use  the  value  of  ttie  i)arallax  of  this  star  as  determined  by  Gyld^ 
namely,  p"  =  0".27;^  we  shall  get  L  =  68,  while  Abbe*8  value  of  the  parallax 
(0'M!)3)  ^ixea  L  =  155.  In  either  case,  however,  it  is  clear  that  SirioB  emitB 
vastly  more  light  than  the  siui. 

Similarly  for  the  i>ole-star  (/>  =  0".()6),  L  =  03 ;  for  Vega  (p=  0".14),  L  = 
(>0;  a  Centaiiri  (/>  =  0".7:>).  L  =  l.U;  70  Ophiuchi  (/>  =  0'M6),  X  =  l;  61 
Cygni  (y;  =  0".l;i),  L=  ^\  ;  L>1.L>56  LI.  (/)=0".26),  L^j^A 

The  companion  of  Sirius  is  a  little  star  of  the  ninth  magnitude^ 
which  forms  a  double-star  system  with  Sirius  itself.  The  light  emitted 
by  this  companion  does  not  exceed  yi^cnn^  ^*t  ^f  Sirius. 

836.  Causes  of  Differences  of  Brightness  in  Stan.  —  It  ased  to  be 

thought  that  tiie  stars  were  all  very  much  alike  in  magnitude  and  con- 


'  In  making  thi:»  calculatiou  the  magnitudes  of  the  Harvard  PhotameUy 

used. 
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stitution  ;  not,  indeed,  without  considerable  differences,  but  as  much 
resembling  each  other  as  do  individuals  of  the  same  race.  It  is  now 
quite  certain  that  this  is  not  the  case,  as  is  obvious  from  the  short  list 
of  actual  light  emissions  just  given. 

If  the  stars  \oere  all  alike,  all  the  differences  of  apparent  brightness 
would  be  traceable  simply  to  differences  of  distance;  but  as  the  facts 
are,  we  have  to  admit  other  causes  to  be  equally  effective.  The  dif- 
ferences of  brightness  are  due,  first j  to  difference  of  distance;  sec- 
ond, to  difference  of  dimensions,  or  of  light-giving  area;  third,  to 
difference  in  the  brilliance  of  the  light-giving  surface,  depending  upon 
difference  of  tcm|)erature  and  constitution.  There  are  stars  near  and 
remote,  large  and  small,  intensely  incandescent  and  barely  glowing 
with  incipient  or  failing  light. 

As  Hessel  puts  it,  there  is  no  reason  why  there  may  not  be  ^^as 
many  dark  stars  as  bright  ones."  As  we  shall  soon  see,  the  compan- 
ion of  Sirius,  though  only  giving  about  ^  \^^  part  as  much  light  as 
Sirius  itself,  is  at  least  ^  part  as  heavy ;  so  that,  mc^ss  for  mass,  it 
cannot  be  y^(^(f  part  as  luminous. 

When  we  compare  stars  by  the  thousand,  we  can  say  of  the  tenth- 
magnitude  stars,  for  instance,  as  compared  with  the  fifth,  that  cu  a 
class  they  are  more  remote;  and  also,  just  as  truly,  that  their  average 
diameters  are  smaller^  and  also  that  their  surfaces  are  less  brilliant; 
but  we  must  l)e  careful  not  to  make  any  assertions  of  this  sort  regard- 
ing any  one  star  of  the  tenth  magnitude  compared  with  a  particular 
individual  of  tho  fifth,  unless  we  have  some  absolute  knowleilge  of 
their  relative  distances.  The  faint  star  may  be  the  larger  of  the  two, 
or  tho  hotter,  or  the  nearer.  We  must  know  something  beyond  their 
relative  ''  magnitudes  "  before  it  is  possible  to  settle  such  questions. 

837.  Beal  Diameter  of  Stan.  —  We  have  no  knowledge  whatever 
as  to  the  real  diameter  of  any  star.  As  to  the  apparent  angular  diam- 
eter, we  can  only  say  n^atively  that  it  is  insensible,  in  no  case  being 
known  to  reach  0".01 .  If  there  be  a  star  of  the  same  diameter  as  our 
sun,  at  such  a  distance  that  its  parallax  equals  one  second,  its  appar- 

1964" 
ent  diameter  must  be .     (The  sun's  mean  ansrular  diameter  is 

206265      ^  * 

1924"  (Art.  276).)  This  equals  0".0093  — a  quantity  far  too  small 
to  l>c  reached  by  any  direct  measurement,  especially  since,  even  in  the 
Lick  telescope,  the  ^'  spurious  "  disc  of  a  star  has  a  diameter  of  nearly 
\'',  and  in  smaller  telescopes  is  much  larger  (about  0".4  in  a  ten-indi 
telescope) . 


478  VARIABLE  STABS. 

There  is  a  theoretical  connection  between  the  diameter  of  the  diifractaon 
rings  seen  around  the  image  of  a  star  in  the  telescope,  and  the  real  (as 
opposed  to  the  spurious)  diameter  of  the  image ;  by  comparing,  therefore, 
the  actual  size  of  the  rings  with  the  size  they  should  have  if  the  star  were  an 
absolute  optical  point,  we  might  hope  to  get  a  determination  of  the  starts 
diameter.  But  no  such  attempts  have  succeeded,  and  at  present  no  way 
seems  open  for  obtaining  the  desired  measurement.  In  some  cases,  as  we 
shall  see  later,  the  mass  of  a  star  as  compared  with  that  of  the  son  can  be 
found ;  but  not  its  volume  or  its  density,  since  these  require  a  knowledge  of  ita 
diameter. 

VAUIABLE   STABS. 

838.  A  close  examination  shows  that  many  stars  change  their 
brightness.  As  a  general  rule,  those  which  do  this,  and  are  called 
^^  vana6Ze,"  arc  reddish  in  their  color;  while  oomparatively  few  of 
the  white  stai*s  belong  to  this  class.  The  variable  stars  may  be 
classified  ^  as  follows :  — 

I.   Cases  of  slow  continuous  change. 
II.   Irregular  fluctuations  of  light:   alternately  brightening  and 

darkening  without  any  apparent  law. 
III.   Temporary  stars,  which  blaze  out  suddenly  and  then  disappear* 
r\".   Periodic  stars  of  the  type  of  o  Ceti,  usually  of  long  period. 
V.   Periodic  stars  of  short  period,  of  the  t3'pe  of  P  Lyrae. 
VI.   Periodic  stars  in  which  the  variation  is  like  that  which  would 
be  the  result  of  an  eclipse  by  some  intervening  body — the 
Algol  type. 

839.  I.  (iKADCAL  Changes.  On  the  whole,  the  changes  in  the 
brightness  of  the  stars  since  the  time  of  Hipparchus  and  Ptolemy 
have  been  surprisingly  small.  There  has  been  no  general  increase 
or  decrease  in  the  brightness  of  the  stars  as  a  whole ;  and  there  are 
few  cases  where  any  individual  star  has  altered  its  brightness  by  a 
half  or  even  a  quarter  of  a  magnitude.  The  general  appearanoB  of 
the  sky  is  the  same  as  it  was  2000  years  ago ;  so  that  notwitiistand- 
ing  all  the  eiTcet  of  proper  motions  in  the  meantime  and  the  whole 
amount  of  tlie  variation  that  has  taken  place  in  the  brightness  of  the 
stars,  there  is  no  doubt  that  if  cither  of  these  old  astronomers  were  to 
come  to  life  he  would  immediately  recognize  the  familiar  constellations. 

There  arc  a  few  instances,  however,  in  which  it  is  almost  obtain 
that  change  has  taken  place  and  is  going  on.     In  the  time  of  Eratos- 

^  This  classification  is  substAntinllj  that  of  Professor  Pickering,  ilifhUj 

modified,  however,  by  Houzeau. 
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thenes  the  atar  in  the  *'  claw  of  the  Scorpion  "  (now  P  Librae)  was 
reckoned  the  brightest  in  the  constellation.  At  present,  it  is  a  whole 
ningnitiidc  Inflow  Antares,  which  is  now  much  superior  to  any  star  in 
the  vicinity.  So  when  the  two  stars  Castor  and  Pollux  in  the  constel- 
hitioii  (leminl  were  lettered  by  Bayer,  the  former,  a,  was  brighter  than 
Pollux,  which  was  lettered  /3;  but  fi  is  now  notably  the  brighter  of 
tlio  two.  Taking  the  whole  heavens,  we  find  a  considerable  uuml)er 
of  buch  ciises  ;  perhaps  a  dozen  or  more. 


840.  Missing  Stan.  —  It  is  a  common  belief  that  since  accurate 
star-catalogues  began  to  be  made,  many  stars  have  disappeared  and 
not  a  few  new  ones  have  come  into  existence.  While  it  would  not 
do  to  diMiy  absolutely  that  anything  of  the  kind  has  ever  happened, 
it  is  certainlv  unsafe  to  assert  that  it  has. 

'1  tu>n>  are  a  considerable  nuinlx^r  of  cases  where  stars  are  now  missing 
from  the  older  catalogues  as  publishedf  —  nearly,  if  not  quite,  a  hundred, — 
but  in  almost  every  instance  examination  of  the  original  observations  shows 
that  the  place  as  printe4i  was  a  mistake  of  some  sort  which  can  now  l>e  traced, 
—  sometimes  a  mistake  of  the  recorder,  sometimes  in  the  reduction  of  the 
()l)Si>rvation,  and  sometimes  of  the  press.  In  a  few  cases  the  star  obser\'ed 
was  a  planet  (rraiius,  Neptune,  or  an  asteroid);  and  in  some  cases  the 
missing  star  may  have  l>een  a  *•  tem|X)rary  star.**  a.s  for  instance,  Tm  Ilerculis, 
which  was  obwrved  by  the  elder  Ilerschel.  S)  many  of  the  missing  stars 
are  now  satisfactorily  explained  that  it  is  natural  to  supiKXse  that  the  few 
cas«*s  remain! II i;  are  (»f  the  same  sort. 

There  is  no  known  instance  of  a  uew  star  appearing  and  remaining  per- 
manently vi.sihle. 

841.  II.  Staiw  that  ExniBrr  Irregular  FLUcn'ATioxs  in 
HuKiiiTNKss.  The  most  conspicuous  example  of  this  class  is  the 
strange  star  rj  Argus  (not  visible  in  the  Uniteil  States).  This  star 
ranges  all  the  way  from  the  zero  magnitude  (in  1843,  when,  according 
to  Sir  John  Ilerschel,  it  was  brighter  than  every  star  but  Sirius)  down 
to  the  seventh  magnitude,  which  is  its  present  brightness  and  has  been 
over  since  1HC5. 

Ii<'tw»»en  1«»77  (when  it  wasobser\*ed  by  Ilalley  as  of  the  fourth  niagni- 
tu4l«*)  and  ls<M).  it  oscillated  in  brij^htness,  so  far  as  we  can  judge  from 
the  few  obs^Tvations  extant,  l»vtween  the  fourth  and  second  magnitudes. 
AIkmi!  1>>1i>,  it  ros<»  rapidly  in  brightness,  and  between  l.H:*tJ  and  1H.jO  it  was 
never  1h>1i>w  the  standanl  tirst  magnitude.  When  brightest,  in  1S43.  it  was 
L;i\ini:  more  tlian  L^'^(KN)  times  as  much  light  as  in  INm.  A  singular  fact  is 
that  the  star  is  in  the  midst  of  a  nebula  which  apparently  sympathizes  with 
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it  to  some  extent  in  its  fluctuations.  (There  are  other  instances  of  oonneo- 
tion  of  nebulae  with  variable  or  temporary  stars,  as  will  appear  later  on.) 
Fig.  220  represents  the  "light-curve"  of  this  object  from  1800  to  1870, 
according  to  Loomia ;  who,  however,  imagines  the  star  to  be  periodicj  with 
a  perio<l  of  about  seventy  years.  If  so,  it  ought  to  be  again  increasing  in 
brightness  by  this  time. 
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Fio.  220.  —  Light  Curve  of  i;  Argus  according  to  Loomb. 

a  Orionis  and  a  Cassiopeise  behave  in  a  somewhat  similar  manuer, 
only  the  whole  range  of  variation  in  their  bnghtuess  is  less  than  a 
single  magnitude.  The  catalogue  of  variable  stars  shows  a  consider- 
able uuml)er  of  other  similar  cases. 


842.  III.  Temporary  Stars.  There  are  eleven  well  anthenti- 
cati»d  oases  in  which  new  stars  have  appeared  temporarily, — that  is, 
for  a  few  weeks  or  months,  —  blazing  up  suddenly  and  then  gradaally 
fading;  awav.     The  list  is  as  follows:  — 


The  star  of  Hipi^irchus. 

A  star  in  Aquila. 

Tv olio's  star  in  Cassiopeia. 

/*  Cvj^ni,  -ul  magnitude,  observed  by  Jansen. 

Kt'pltM's  star  in  Ophiuchus. 

11  Vul|vcula?,  3d  magnitude,  observed  by  Anthelm. 

A  star  of  the  Tith  magnitude,  observed  by  Hind — also  in 

Ophiuchus, 
7*   SiHtrpii.  7th   magnitude,  in  the  star  doster  II    80^ 

observeii  bv  Auwers. 

« 

7*  Coron.i^lV>realis,  Hd  magnitude. 

Nova  Oygni,  :?d  magnitude. 

A  star  in  the  nebula  of  Andromeda,  6th  magnitada. 


1. 

i;Vl  n.r. 

•) 

:V2[i  A.i>. 

:\. 

l.">7*2  A.n. 

A. 

h\{M)  A.i>. 

."\ 

l«»ol  \.\\ 

(i. 

lt>70  A.i>. 

1  • 

ISl?^  A.P. 

S.     1S(U»  A.I>. 


I*.  isi;o> 

10.  1^7(> 

11.  l^So 


A.I>. 
A.l>. 
A.I). 
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As  regards  the  first  of  these  stani,  we  know  almost  nothing.  Ilipparchus 
ha«  left  no  record  of  its  position  or  briglitness ;  but  the  Chinese  annals  inen- 
tioii  a  htar  &s  ap()earing  in  Scor])io  at  just  that  date,  and  probably  the  same 
object ;  though  the  Chinese  observations  may  refer  to  a  comet.  The  appear- 
aiK>(>  of  this  new  star  led  Ilipparchus  to  form  his  catalogue  of  stars. 

Ah  to  the  .M»rond  on  the  list,  we  know  hardly  more;  the  records  do  not 
even  make  it  absolutely  certain  that  the  object  was  not  a  comet,  not  being 
explicit  on  the  i»oint  of  its  motion. 

843.  The  third  is  justlv  famons.  When  it  was  first  seen  bv  Tvcho 
in  Noveml>er,  1572,  it  was  already  brighter  than  Jupiter,  having 
probably  appeared  a  few  days  previously.  It  very  soon  became  as 
bright  as  Venus  herself,  being  even  visible  by  day.  Within  a  week 
or  two  it  began  to  fail,  but  continued  visible  to  the  naked  eye  for 
fully  sixteen  months  l>eforc  it  finally  disap|>eared.  It  is  not  certain 
whether  it  still  exists  or  not  as  a  telescopic  star:  Tyeho  detennine<l 
its  position  with  as  much  accuracy  as  was  possible  to  his  instruments ; 
and  there  are  a  number  of  small  stars,  any  one  of  which  is  so  near  to 
Tyclio's  place  that  it  might  he  the  real  object. 

There  has  l)een  an  entirely  unfounded  notion  that  this  star  may  have 
been  iclentical  with  the  **Star  of  Ifethlehem/*  it  being  imagined  that  the 
star  is  jufr'uHticnUij  variable,  with  a  pt»riod  of  314  years.  If  so.  it  might  have 
been  exjMTted  to  reap[>*ar  in  IHSI],  and  it  w;is  so  exp«»ete<l  by  certain  persons 
"  as  a  sign  of  the  second  coming  of  the  Lord."  It  is  ditficult  to  si*e  how  the 
idea  came  to  l)e  so  generally  prevalent  as  it  ciTtainly  has  been.  Probably 
every  a>tron(nner  of  any  note  has  received  hundreds  of  letters  on  the  subjtfct. 
At  (irtMiiwich  a  printed  circular  was  prepared  and  sent  out  as  a  reply  to 
such  iiupiiiifs. 

The  tifih  star,  observed  by  Kepler,  was  nearly,  though  not  quite, 
a-r*  bright  as  that  of  Tycho,  and  lasteil  longer  —  fully  two  years.  It 
also  has  disappeared  so  that  it  cannot  now  be  identified. 

844.  The  ninth  star  excited  much  interest.  It  blazed  out  between 
the  10th  and  12th  of  May  as  a  star  of  the  second  magnitude, 
ri'mainod  at  its  maximum  for  three  or  four  days,  and  then,  in  five  or 
six  weeks,  fudtMl  awav  to  its  ori((inal  faintness,  for  it  now  is,  and  was 
before  the  outburst,  a  nine  and  one-half  magnitude  star  on  Arge- 
hmder's  catah)gne,  with  nothing  noticeable  to  distinguish  it  from  its 
neighbors.  While  at  the  maximum  its  8|)ectrum  was  enrefully  studied 
by  Ilnggins,  and  exhibited  brightly  and  strongly  the  bright  lines  of 
hy«lrogen,  just  as  if  it  were  a  sun  like  our  own,  but  entirely  covered 
with  oulbursting  **  prominences  "  of  ini^ndescent  hydrogen. 
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The  tenth  star  had  a  very  similar  history.  It  also  rose  to  its  fall 
brightness  (second  magnitude)  on  November  24,  within  four  hours 
according  to  Schmidt,  remained  at  a  maximum  for  only  a  da}*  or  two, 
and  faded  away  to  invisibility  within  a  month.  But  it  still  exists 
as  a  very  minute  telescopic  star  of  the  fifteenth  magnitude.  It 
was  also  spectroscopically  studied  by  several  observers  (by  Vogel 
especially)  with  the  strange  result  that  the  spectrum,  which  at  the 
maximum  was  nearly  continuous,  though  marked  by  the  bright  lines 
of  hydrogen  and  by  bands  of  other  unknown  substances,  lost  more 
and  more  of  this  continuous  character,  until  at  last  it  became  a  simple 
spectrum  of  three  bright  lines  l\kt  that  of  a  nebula. 

845.  The  eleventh  and  last  of  tiiese  temporary  stars  was  very  peca* 
liar  in  one  respect ;  not  in  its  brightness,  for  it  never  exceeded  the  six 
and  one-half  magnitude,  but  because  it  appeared  right  in  the  midst 
of  the  great  nebula  of  Andromeda,  only  12"  or  13"  distant  from  the 
nucleus.  It  came  out  suddenlv  like  all  the  others,  and  faded  away 
gradually  in  about  six  months,  to  absolute  extinction  so  far  as  any 
existing  telescope  can  show.  It  showed  under  photometric  measure- 
ments many  fluctuations  in  brightness,  not  losing  its  light  smoothly 
and  regularly  but  in  a  rather  paroxysmal  manner.  Its  spectrum,  even 
when  brightest,  was  simply  continuous  without  anything  more  than  the 
merest  trace  of  bright  lines  in  it.  The  eighth  star  on  the  list  resem- 
bled it  in  the  fact  that  it  appeared  in  the  midst  of  a  star  cluster. 

846.  IV.  Variablks  of  the  o  Ceti  Type.  These  objects  almost 
without  exception  behave  like  the  tem[)orary  stars  in  remaining  gen- 
erally faint,  suddenly  brightening  up  for  a  short  time,  and  then  fading 
back  to  the  original  condition ;  but  they  do  it  periodically.  The 
periods  are  <i^oni.M'ally  of  considerable  length,  from  six  months  to  two 
years ;  but  thoy  are  very  apt  to  be  considerably  irregular,  not 
unfrcquently  to  tlie  extent  of  several  weeks. 

The  star  o  Ceti  (often  called  Mira,  that  is,  "  the  Wonderful")  may 
be  taken  as  the  type  of  this  class.  Its  variability  was  discovered  by 
Fa))ricius  in  ITjliG.  During  most  of  the  time  it  remains  simply  a  faint 
twelftli-niagnitude  star,  but  once  in  about  eleven  months  it  mns  up  to 
the  fourth,  third,  or  even  the  second  magnitude,  and  then  back  again, 
occupying  usually  about  100  days  in  the  rise  and  fall.  Its  brightness 
increases  more  rapidly  than  it  fails,  and  it  remains  at  its  maximum 
for  a  week  or  ten  days.  At  the  maximum  its  spectrum  is  very  bean- 
tiful,  containing  a  large  number  of  intensely  bright  lines  which,  how- 
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ever,  are  not  yet  certainly  identified.  Its  light-curve  is  A^  in  Fig. 
221.  A  large  pro|)ortion  of  the  known  variables  belong  to  this 
class,  and  many  suppose  that  the  temporary  stars  also  belong  to  it, 
differing  from  their  classmates  only  in  the  length  of  their  periods. 

847.  V.  Variables  of  tiie  Tttpe  of  p  LTKiC.  In  these  the  main 
characteristic  is  that  there  are  two  or  more  maxima  and  minima  in 
each  i)eriod,  as  if  we  were  dealing  with  several  superposed  causes  of 
variation.  The  light-curve  of  p  Lyrae  is  given  by  J5,  Fig.  221.  Its 
perioil  is  about  thirteen  days. 

848.  VI.  Variables  of  the  Algol  Ttpe.  The  sixth  and  last 
class  consists  of  stars  which  seem  to  suffer  a  partial  eclipse  at  short 
intervals,  their  liglit-curves  (C,  Fig.  221)  being  the  reverse  of  the 
o  Ceti  type.  Of  this  type  of  stars,  Algol,  or  p  Persei,  may  be  taken 
as  the  most  conspicuous  representative.  Its  period  is  2*  20^  48"  55V4, 
which  is  subject  to  almost  no  variation,  except  certain  slow  changes 
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Fio.  231.  —  Ugbt  ('unrM  of  Variable  Stan. 

that  appear  to  be  the  result  of  some  unknown  disturbance.  During 
most  of  the  time  the  star  remains  of  the  second  magnitude.  At  the 
time  of  obscuration  it  loses  alK)ut  five-sixths  of  its  liglit,  falling  to 
the  fourth  magnitude  in  about  four  and  one-half  tiours,  remaining  at 
the  minimum  for  about  twenty  minutes,  and  then  in  three  and  one- 
half  hours  recovering  its  original  condition.  During  the  minimum 
tlic  8i)ectrum  undergoes  no  considerable  change,  though  there  are 
suspicious  of  some  slight  variations  in  its  lines. 
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ODly  nine  store  are  bo  far  known  belonging  to  tfaia  <dus,  and  tmong 
tliem  are  those  of  tbe  shortest  period.  One  in  Cepheus,  dlacovered  by 
Ceraeki  in  1880,  has  a  period  of  two  days  and  eleven  boon ;  i 
in  Ophinchas  of  only  twenty  hoars. 


64S.  Explanation  of  Tariability.  —  Evidently  no  simple  explmoop 
tion  will  hold  for  all  the  different  classes.  For  the  gradnaliy  pio- 
gressire  chADges  do  explanation  need  be  looked  for ;  on  tbe  oontnty, 
it  is  surprising  tliat  such  changes  are  no  greater  than  they  are,  for 
the  stars  are  all  growing  older. 

Ab  for  tbe  irr^ular  changes,  do  sure  account  can  yet  be  given  of 
them.  Where  the  range  of  variation  is  small,  as  it  is  in  moet  caam, 
one  thinks  of  spots  on  the  surface  like  those  of  our  own  enn,  (but 
much  more  extensive  and  numerous)  and  running  thnugb  a  period 
just  ae  our  suu  spots  do.  Let  a  star  witti  such  spota  apon  it  revolve 
on  its  own  axis,  as  of  course  it  must  do,  and  in  tfae  oomUnation  we 
have  at  least  a  possible  explanation  of  a  great  proportion  of  all  the 
known  cases,  tx>th  the  irregiilav  variables  and  the  regularly  periodic. 

860.  Colliaion  Theory. — For  the  temporary  stars,  and  those  of 
the  o  Ceti  tvpe,  Mr.  Lockyer  baa  recentiy  (in  connection  with  a 
much  more  extended  subject)  suggested  a  collision  tbeory,  iUustrated 
by  Fig.  222.  The  fun- 
damental idea  that  tbe 
phenomena  of  tbe  tem- 
porary stotB  may  be 
due  to  collisions  la  not 
new.  Newton  long  ago 
brought  it  oat,  and  to 
some  extent  diacosaed 
it ;  but  considering  tbe 
probable  diametera  of 
the  stars  as  oompared 
with  tbe  diataneea  be- 
tween them,  it  seeme 
imposnbte  tiiat  coUi^ 
ions  conld  have  been 
ftvqueot  enough  to  ae- 
count  for  the  number  of 
tern pornry  stars  actually  observed.  Mr.  Lockyer,  however, 
that  the  temporary  stars,  and  also  variable  stars  of  tbe  o  i 
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arc,  ID  their  present  stage  of  development,  not  compact  bodies,  but 
only  pretty  dense  swarm  of  meteorites  of  considerable  extent,  each 
HU(*h  swarm  being  accompanied  by  another  smaller  one  revolving 
around  it  in  an  eccentric  orbit,  just  as  comets  revolve  around  the 
sun,  or  as  the  com|)onentB  of  double  stars  revolve  around  each  other. 
He  supposes  that  the  perihelion  distance  is  so  small  that  the  swarms 
interpenetrate  and  pass  through  each  other  at  tlie  perihelion,  which 
could  happen  without  disturbing  the  general  motion  of  either  of  the 
two  meteoric  flocks ;  but  while  they  are  thus  passing,  the  collisions 
are  immensely  increased  in  nnml)er  and  violence,  with  a  corresponding 
increase  in  the  evolution  of  light.  There  are  many  good  points  about 
this  ingenious  theory,  but  also  serious  objections  to  it — as,  for  instance, 
the  great  irregularity  of  the  periods  of  stars  of  this  class,  an  irregu- 
larity which  seems  hardly  consistent  with  such  an  orbital  revolution. 

861.  Stellar  Ecliptes. — As  to  the  Algol  ty|)e,  the  natural  explana- 
tion is  by  means  of  an  eclipse  of  some  sort.  The  interposition  of  a 
more  or  less  opaque  object  between  the  observer  and  the  star,  —  a 
dark  companion  revolving  around  it,  —  would  produce  just  tlie  effect 
observed.  If,  however,  this  is  really  the  case,  the  mass  of  Algol  must 
l)e  absolutely  enonnous  compared  with  that  of  our  sun  in  order  to 
produce  so  swift  a  revolution  in  the  eclipsing  Ixnly.  But  Ceraski's 
variable  of  this  type  in  Cepheus  is  very  refractory  and  exhibits 
clianges  of  |>eriod  and  other  phenomena  that  are  extremely  difficult 
to  reconcile  with  the  idea  that  its  obscuration  is  due  to  an  eclipse. 

852.  Kumber  and  Detignation  of  Variables. — The  ^^  Catalogue 
of  Viiriable  Stars,"  of  Mr.  S.  C.  Chandler,  published  in  1888,  con- 
tains 22.')  objects.  One  hundred  and  sixty  are  distinctly  periodic 
stars:  in  12  cases  the  periodicity  is  perhaps  uncertain,  while  14  are 
certainly  irregular, 

Tli<^  reinaiiuler  includes  the  temporary  stars  and  some  twenty-five  or 
thirty  stars  in  respect  to  the  variations  of  which  very  little  is  yet  known. 
'rul)le  V.  in  the  Appendix  presents  the  priuci|>al  data  for  the  nake<I-eye 
variables  which  are  visible  in  the  United  States. 

When  a  star  is  discovered  to  l>e  variable  which  previously  had  no  special 
appellation  of  its  own,  it  is  customary  to  desi^^nate  it  by  one  of  the  last 
lettiTs  in  the  alphaln^t.  U^ginnin^  with  K.  Thus  R  Sagittarii  is  the  first 
disoov<*red  variable  in  Sagittarius;  S  Sagittarii  is  the  second;  T  Sagittarii, 
the  third,  and  so  on. 

853.  Range  of  Variatioii.  —  In  many  cases  the  whole  range  is 
QBiij  a  fraction  of  a  magnitude  (e8i)ecially  among  the  more  newly 
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discovered  vsriables),  but  in  a  great  number  it  extends  from  four 
to  eight  magnitudes,  the  maxiiDani  brigUtness  ezoeeding  the  mini- 
mum  by  from  fifty  to  a  tliousand  times ;  and  in  a  taw  oases  the 
range  is  greater  yet.  Not  imfrequently  considerable  ohaDges  of 
color  accompany  the  changes  of  brightness ;  the  star  as  a  rule  being 
whiter  at  its  maximum,  and  frequently  showing  bright  lines  in  ita 
spectrum. 

864.    Method  of  Obiervatioii.  —  There  is  no  better  way  thao  that 

of  comparing  the  star  by  the  eye,  or  with  the  help  of  an  opsra-gtaaBi 
with  surrounding  stars  of  about  the  same  brightness  at  the  Ume  when 
its  light  is  near  the  maximum  or  minimum ;  noting  bo  which  of  them 
it  is  just  equal  at  the  moment,  and  also  those  which  are  a  shade 
brighter  or  fainter. 

It  is  possible  for  an  amateur  to  do  really  valnabls  work  in  titii  w^,  1^ 

putting  himself  in  relation  with  some  obserratory  which  is  interwtod  in  the 
subject.  The  observations  tbeniseWes  require  so  much  time  that  it  la  diffi- 
cult for  the  working  force  in  a  regular  observatory  to  attend  to  the  matter 
properly,  and  outside  assistance  is  heaitily  welcomed  in  gathering  tha  needed 
facts.  The  observations  themselves  are  not  specially  difficult,  require  no 
very  great  labor  or  mathematical  skill  in  their  reduction,  and,  as  has  bsMi 
said,  can  be  made  without  instruments ;  but  they  require  patience,  aaaidni^, 
and  a  keen  eye. 

STAR  SPECTRA. 
8fi5.  In  1824  Fraunhofer,  in  connection  with  his  study  of  the 
lines  of  the  solar  spectrum,  investigated  also  tiie  spectra  of  certain 
stars,  using  an  apparatus  essentially  similar  to  that  which  is  noir 
employed  at  Cambridge.  He  placed  a  prism  in  front  of  the  objeot- 
glaas  of  a  small  telescope  and  loolced  at  the  stars  through  this,  osing 
a  cylindrical  lens  in  the  eye-piece  to  widen  the  spectmm,  which  otlier- 
wise  would  be  a  mere  line. 

He  found  that  Sirius,  Castor,  and  many  other  stars  show  my  few  dsdt 
lines  in  tlieir  spcctriuii,  but  strong  ones;  while,  on  the  other  hand,  the  speetis 
of  I'ullux  (^  Geiniiiorum)  and  Capella  resemble  closely  the  speetnun  of  Uw 
Kiiii.  In  all  the  spectra  he  recognized  the  D  line,  although  it  was  not  then 
known  that  it  liad  anything  to  do  with  sodium. 

666.  Obserrations  of  Huggina  and  SeocM.  —  Ahnoet  as  somi  as 
the  si>ectroBcope  had  taken  its  place  as  a  recognised  ingtmnieat  of 
science  it  was  applied  by  Huggins  to  the  study  of  the 
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Socohi  followed  hard  in  his  footsteps.  The  former  studied  the  spectra 
of  comparatively  few  stars,  but  with  all  the  dispersive  power  he 
could  obtain,  and  in  detail;  while  Seechi,  using  a  much  less  pow- 
erful instrument,  examineil  several  thousand  star  spectra,  in  a  more 
general  way,  for  puri)oses  of  classification. 

Ilugnrins  identified  with  considerable  certainty  in  the  spectra  of 
a  Ononis  (Hetelgueze)  andaXauri  (Aldebaran)  a  number  of  elements 
that  arc  familiar  on  the  earth,  and  are  most  of  them  prominent  in  the 
solar  spectrum.  He  found  in  the  former  sodium,  magnesium,  cal- 
cium, iron,  bismuth,  and  hydrogen ;  and  in  a  Tauri  he  rei)orted  in 
addition,  tellurium,  antimony,  and  mercury ;  but  tliese  latter  metals 
have  uot  yet  lx;en  verified. 

857.  Classification  of  Stellar  Spectra.  —  Secchi,  in  his  si)ectro- 
scopic  survey,  found  that  the  4000  stars  which  he  observed  could  all 
be  reduced  to  four  classes. 

The  Ji I'M  class  comprises  the  white  or  blue  stars.  To  it  l)elong  Sirius 
and  Vega,  and,  in  fact,  considerably  more  than  half  of  all  the  stars 
examined.  Tlie  spectrum  is  characterized  by  the  great  strength  of 
the  hydrogen  lines,  which  are  wide,  hazy  bands,  much  like  the  //  and 
K  lines  in  the  solar  spectrum.  Other  lines  are  extremely  faint  or 
entirely  absent;  the  A' line  cHpecially,  which  in  the  solar  spectrum  is 
especially  prominent,  in  the  si>ectra  of  most  of  these  stars  is  hardly 
visible. 

lite  senntit  clttss  is  ftl?*o  numerous,  and  is  com]>os*'(i  of  stars  with  a 
sptrtrnm  snftstatitialljf  like  that  of  our  sun.  The  7/  and  A"  lines  are 
both  strong.  C'a|>ella  and  Pollux  (j3  Geminorum)  arc  prominent 
cxjunples  of  this  class.  There  are  certain  stars  which  form  a  con- 
necting link  between  these  two  fii'st  classes,  stars  like  Procyon  and  a 
A(|uila»,  which,  while  they  show  the  hydrogen  line  very  strongly,  also 
exhibit  a  great  number  of  other  lines  between  them.  The  first  and 
second  classes  together  embrace  fully  seven-eighths  of  all  the  stars 
he  observed. 

The  third  class  includes  most  oT  the  red  and  variaMe  stars,  some  500 
in  number,  and  the  8i>ectnim  is  characteriziHl  by  dark  bands  instead 
of  lines  (tli  )ugh  lines  are  generally  present  also).  These  bands, 
which  are  probably  due  to  carlx>n,  shade  from  the  blue  towards  the 
red  ;  that  is,  they  are  sharply  defined  and  darkest  at  the  more  refrang- 
i!>le  edge.  Occasionally  in  8|)ectra  of  this  tyi>e  some  of  the  hydrogen 
lines  are  bright,  a  Hercules,  a  Orionis,  and  Mira  (o  Ceti)  are  fine 
examples  of  this  third  class. 
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The  fourth  class  is  composed  of  a  very  small  number  of  stars,  less 
than  sixty  so  far  as  now  known,  mostly  small  red  stars.  This  spec- 
trum is  also  a  banded  one ;  but  compared  with  the  third  class  the 
bands  are  reversed^  that  is,  faced  the  other  way,  and  shaded  towards 
the  blue.  Those  generally  show  also  a  number  of  bright  lines. 
None  of  the  conspicuous  stars  belong  to  this  class  —  none  above  the 
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fifth  magnitude.  The  sixth  magnitude  star,  152  Schjellerup,  may 
bo  taken  as  its  finest  example  (a,  l^**  39™;  8,  +40°  9',  in  the  constel- 
lation of  Canes  Venatici).  Fig.  223  exhibits  the  light-cunres  of 
these  four  types  of  spectrum.^ 

858.     \'ogel  has  revised  Seechi's  classification  of  spectra  as  follows, 

makinir  onlv  three  main  classes,  but  with  subdivisions : 


1  It  is  (litficult  to  represent  spectra  accurately  bj  any  process  of  engraving  that 
can  be  readily  reproduced  in  a  book  like  the  present.  The  carre,  on  the  other 
hand,  is  easily  managed,  and,  thougli  it  does  not  please  the  eye  like  the  ■pectnun 
itself,  it  is  capable  of  conveying  all  the  information  that  coald  be  obtained  from 
the  most  finislied  engraving.  Dark  lines  are  represented  by  Unei  nmniog  cfemi- 
inirii  from  the  upiHT  boundary  line  of  the  curve,  and  Inrighi  Unu  hj  linet  ranning 
upirard,  while  the  bands  and  their  shading  are  represented  by  variatkmt  in  the 
contour  of  the  curve. 
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I.  (a)  Same  as  Secchi's  I.     The  white  stars. 

{b)  Nearly  continuous  ;  all  lines  wanting  or  very  faint    P  Ori« 

on  is  is  the  type, 
(c)  Showing   the   lines  of    hydrogen    bright,   and  also  the 

helium  line  A  (Art.  323). 

II.   (a)  Same  as  Secchi's  II. 

(/>)  Liko   II.  (a),  but  showing  in  addition  bright  lines  which 
are  not  the  lines  of  hydrogen  or  helium.    (This  is  rare.) 

III.   (a)  Same  as  Seeehi*s  III. 
(h)  Same  as  Secchi's  IV. 

VogePH  clasKitication  is  baMHl  in  part  on  the  very  doubtful  assumption 
thiit  stars  of  Claj^  I.  an>  hottest  and  also  youngest,  while  the  other  classes 
l>el()n);  to  stars  which  are  either  Wginning  to  fail  or  are  already  far  gone  in 
(l«>cn'i>itu(le.  But  it  is  very  far  from  certain  that  a  red  star  is  not  just  as 
likt'ly  to  1)4*  younger  than  a  white  one,  as  to  be  older.  It  probably  is  now  at 
a  lou'fr  tempt  ratnre^  and  i>ossesses  a  more  extensive  envelope  of  gases ;  but 
it  may  Ih*  increasing  in  temperature  as  well  as  decreasing.  At  any  rate  we 
have  no  certain  knowledge  about  its  age. 

859.  Photography  of  Stellar  Spectra.  —  As  early  as  1863  Huggins 

attempted  to  photograph  the  sjiectrum  of  Vega,  and  succeedc<l  in  getting  an 
impression  of  the  s|MTtrnm,  but  without  any  of  the  lines.  In  l^t79  I)r. 
Henry  DrajHT  of  NfW  York,  working  with  the  refl»»ctor  which  he  had  him- 
self constructed,  snec«»ed»Ml  in  glutting  an  impression  of  the  spectrum  of  the 
saFue  star,  showint^  f»)r  th«*  first  time  four  of  its  hydrogen  lines.  Tlie  intro- 
diu'iiiHi  nf  tli«'  more  sensitive  dry  plates  in  1S70,  induced  Mr.  Iluggins  to 
i«>siiin»'  till'  >ul>ject  (as  did  Ih*.  Draiier  soon  after),  and  they  soon  succeeded  in 
i;*ttiii'4  pictures  showing  many  lines.  Tlie  spectra  were  al>out  half  an  inch 
\it\\'^  l»y  ,V  or  j*,j  of  an  inch  wide.  After  the  lamenti*<l  death  of  Dr.  Draper 
in  r^><i?,  Tnifessor  Pickering  took  up  the  work  at  Cand)ri<lge  (I'.  S.) ;  and  with 
such  su<'cess  that  Mrs.  Ih*a|)er,  who  had  intended  to  establish  and  to  endow 
licr  husband's  observatory  as  an  eMtablishnient  for  astro-{)hyKical  research, 
and  a  most  fitting  monument  to  his  niemor}*,  concluded  to  transfer  the 
instruments  to  Cambridge,  and  there  establish  the  "Draper  Memorial." 

860.  The  Slitleu  Spectroeeope.  —  Professor  Pickering  baa  attained 

his  remarkable  surress  by  reverting  to  the  ^^slitless  8|)ectro8cope," 
!UT:in;;ed  iii  the  manner  fii*st  used  by  Fraunhofer,  and  later  revived 
by  Secclii.  The  instrument  consists  of  a  telesco|)e  with  the  oftjrtiive 
rnrn'rtt^d  unt  jhr  the  visunU  hut  for  the  phf^topraphic  roys,  cquatorially 
mountcil  and  carrying  m  fnmt  of  the  objeci-fjhiss  one  or  more  prisniSf 
with  a  refracting  angle  of  nearly  10°,  and  large  enough  to  cover  the 
whole  lens. 
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The  refracting  edge  of  the  priatn  is  placed  east  and  WMt,  ao  that  th« 
linear  Bpeetrum  of  a  Btar  formed  on  a  plate  at  the  focus  of  the  objecfrf^laM 
runs  north  aod  south.  If,  now,  the  clock-work  of  the  instruinent  is  adjusted 
to  follow  the  star  exactly,  the  image  (i.e.,  the  apectrum)  will  be  a  mere  line, 
broken  here  aod  there  where  the  dark  lines  of  the  spectrum  sbould  appear. 
By  merely  retarding  or  accelerating  the  clock  a  trifle,  the  linear  Bpectrrim 
will  drift  a  little  sidewise  upon  the  plate,  and  so  will  fonn  a  spectrum  having 
a  width  depending  on  the  amount  of  thia  drift  during  the  time  of  ezpomre. 
If  the  air  is  calm  the  lines  of  the  spectrum  thus  formed  are  aa  clean  and 
sharp  as  if  a  slit  were  used ;  otherwise  not. 

861.  The  most  powerful  inBtrument  used  in  ttuB  work  at  Cambridge 
is  Dr.  Draper's  eleven-inch  photographic  refractor,  with  four  hags 
glass  prians  iii  a  box  iD  front  of  the  object-glass,  arranged  a«  indi- 
cated in  Fig.  224.  With 
this  apparatus,  phob^r^tbic 
spectra  of  the  brighter  stars 
are  now  obtained  having, 
before  enlargement,  a  length 
of  fully  three  inches  fran 
F  in  the  blue  of  the  speo- 
trutn  to  the  extremity  of 
^  the  nltra  violet.  It  is  a 
pity,  of  coarse,  that  the 
lower  portions  of  the  speo- 
trnm  below  F  cannot  be 
reached  in  the  same  way; 
but  no  plates  suflldeotly 
sensitive  to  green,  yellow,  and  red  rays  have  yet  been  found.  The 
exposure  necessary  to  obtain  the  impression  of  even  the  most  power- 
ful photographic  rays  is  fram  half  an  honr  to  an  hour.     Fig.  225  is 


Fie,  I». 
f  tbe  Filim*  Id  Ibe  SJItkH  BpKln 
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enlarged  about   one-third    from  one   of   these  pbotographa  of  the 
spectrum  of  Vega,  which  extends  far  into  the  ultra  violet. 

These  spectra  b        tenfold  enUrgement  perfecUy,  maUng  ttiea 
more  than       > '  two  inches  in  width,  and  tfarn  ta  the  ipn^ 
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trum  of  such  a  star  as  Capella  they  show  hundreds  of  lines.  It  is 
simply  amazing  that  the  feeble,  twinkling  light  of  a  star  can  be  made 
to  produce  such  an  autographic  record  of  the  substance  and  condition 
of  the  inconceivably  distant  luminary. 


862.  Peculiar  Advantaj^  of  the  Slitleu  Speetroaoope.  —  The 

slitk*H8  si)ectroscope  has  three  great  advantages.  First,  that  it 
utilizes  all  the  light  that  comes  from  the  star  to  the  object-glass, 
nuicli  of  which  in  the  usual  form  of  the  instrument  is  lost  in  the 
jaws  of  the  slit :  Secondly,  that  by  taking  advantage  of  the  length 
of  a  large  telescope,  it.  produces  a  very  high  dispersion  with  even  a 
single  prism :  Thirdly,  and  most  important,  it  gives  on  the  same 
plate  and  with  a  single  exposure  the  spectra  of  all  the  many  stars 
whose  images  fall  upon  it.  With  the  smaller  eight-inch  instrument 
made  at  Cambridge,  and  one  prism,  as  many  as  100  or  150  spectra 
are  sometimes  taken  together ;  as,  for  instance,  in  a  spectrum  photo- 
graph of  the  Pleiades. 

863.  Diiadyantaj^  of  the  Slitlati  SpaetroMope.  —  Per  contra, 
the  giving  up  of  the  slit  precludes  all  the  usual  methods  of  identify- 
ing the  lines  by  actually  confronting  them  with  comparison  spectra ; 
the  comparison  prism  (Art.  315)  cannot  be  used.  This  makes  it 
extremely  difficult  to  utilize  these  magnificent  pictures  for  purposes 
of  scientific  measurement. 

If  it  turihs  out  that  any  of  the  lines  photographed  in  the  spectrum  are  of 
atmoifphiric  origin,  the  difliculty  will  be  largely  removed,  as  these  atmospheric 
lines  could  W  used  as  reference  points.  Professor  Pickering  has  tried,  by 
the  int<.TposiLion  of  various  vapors  in  the  path  of  the  light  within  the 
telesoo{)e  tube,  to  get  lines  that  will  answer  the  purpose,  but  thus  far 
without  any  really  satisfactory  results.  Until  this  difficulty  is  overcome  it 
will  be  impossible  to  make  these  spectra  yield  us  all  of  the  information  which 
they  undoubtedly  contain  with  respect  to  the  motions  of  the  stars  in  the  line 
of  sight. 

Vogfl  in  his  photographic  work  mentioned  in  connection  with  this  subject 
(Art.  H<rj)  usihI  an  ordinary  spectroscope  with  a  slit.  This  arrangement 
rtHjuiriMl  a  vcr^*  long  exposure,  and  limited  the  dispersion  it  was  possible 
to  oinploy ;  but  it  permitted  him  to  use  a  hy<lrogen  Geissler  tube  placed 
within  the  telescope  itself,  to  furnish  a  comparison  spectrum. 

864.  Twinkling  or  Scintillation  of  the  Stan.  —  This  is  a  purely 
atmospheric  effect,  usually  violent  near  the  horizon  and  almost  null 
at  the  zenith.  It  differs  greatly  on  different  nights  according  to  the 
steadiness  of  the  air. 
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If  tbe  spectrum  of  a  star  near  the  eastern  horizon  be  examined 
with  a  spectroscope  so  held  as  to  make  the  spectnim  vertical,  it  will 
appear  to  be  coatiuuall;  traversed  by  dark  bands  mnniag  tbrongh 
the  spectrum  from  the  blue  end  towards  tiie  red.  At  tbe  weatero 
horizon  tbe  bands  move  in  the  opposite  direction,  from  red  to  blue ; 
on  tbe  meridian  they  merely  oacnIlat«  back  and  forth. 

Cause  of  Sointillstion.  —  Autfaoritiea  differ  as  to  the  exact  aplanatioo 
of  scintillation,  but  probablj  it  is  mainly  due  to  two  canaea'(optaaaUy  speak- 
ing), both  depending  on  the  fact  that  the  ur  is  full  of  stnaka  of  nneqnd 
density  tliat  are  c&rried  by  the  wind. 

(1)  In  the  first  place,  light  transmitted  through  sndi  a  tnediam  is  eon- 
centrated  in  some  places  and  turned  away  from  others  fiy  «w^  t^fraelion: 
so  that,  if  the  liglit  of  a  star  were  strong  enough,  a  white  snrfaoa  Uhimt 
nated  by  it  would  look  like  the  sandy  bottom  of  a  shallow,  i^ipling  pool 
of  water  illuminated  by  sunlight,  with  light  and  dark  mottlings  lAloli 
move  with  the  ripples  on  the  surface.  So,  as  we  look  towaids  tta  atav 
and  the  mottlings  due  to  tbe  irregularities  of  the  tit  mora  fay  IIS,  W8  MB  tha 
star  alternately  bright  and  faint;  in  other  words,  it  tiaiiitt 

look  at  it  iu  a  telescope  we  shall  see  that  it  not  only  twinkl 
I.e.,  it  is  slightly  displaced  back  and  forth  1^  the  rofraotion. 

(2)  The  other  cause  of  twinkling  is  "  tnlerferetttt."  Ps 
coming  from  the  star  (which  optically  is  a  mere  ptunt] 
refracted  by  the  air  in  the  way  above  explained,  reach  tin 
slightly  diffei'ent  routes,  and  are  juat  in  a  condition  to  ii 
result  of  the  interference  is  the  temporary  deatmotioil  of  n 
wave-lengths,  and  the  reinforcement  of  others.  At  a  givei 
green  rays,  for  instance,  will  be  destroyed,  while  Um  red  aiu 
abnormally  intense ;  hence  the  quivering  dark  bands  in  the 
the  star  is  very  near  the  horizon,  the  effects  are  oftsn  suSais 
marked  changes  of  color. 

865.    Why  Planets  Twinkle  Leu  than  Stan.  — 11 

because  they  have  dines  of  sensible  diameter,  so  that  then 

unchanging  average  of  briglitness  for  the  sum  total  of  : 

nous  points  of  which  the  disc  is  composed.     When,  I 

point  A  of  the  disc  becomes  dark  for  a  nxmient,  point 

it,  is  just  as  likely  to  become  bright;  the  interferew 

being  different  for  the  two  points.     The  different  pcrinta  of  ttN  Urns 

do  not  keep  step,  so  to  sjieak,  in  their  twinklJUg. 
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CHAPTER   XXI. 

DOt'HLE  AND  MULTlfLK  8TAH8.  — UKBITS  AXV  UAB8ES  OF 
IKIt'ltl.B  STARR. — rU'HTBRS.  —  NEBULA. — THB  MILKY  WAY. 
—  IllSTRlHUTION  OFKTARB. — -OONBTITUTION  OF  THE  STELLAR 
UNIVKIWE.  —  rffflMCMlONY   AND  THB  NEBULAR   HYPOTHESIS. 

866.  DonUfl  tnd  Mslti^  Sten.  — The  l«leacope  ahowa  niimerouB 
iiiBtances  Id  wbicli  two  stars  lie  very  near  each  other,  Id  many 
<>nHt>4  HO  nt-nr  tlint  they  ran    be  seen    Hepnmtc   only   iiniler  a   ht0i 


Kiii  ^>t.-th«it.lL'ud  tlnliliilcOUn. 

magnifying  poircr.  These  are  colled  '^doulAe  itan."  At  present 
Monicthiiiir  ovtT  10, 000  such  couples  are  Icnowu,  aod  the  number  is 
continually  iucreaiiing.    In  not  a  few  instances  we  hare  thrte  star* 
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together,  two  of  which  are  uoually  veiy  doee  and  the  third  farther 
away ;  and  there  are  several  cases  of  quadruple  ^ara,  where  there 
are  two  pairs  of  stars  \yiag  close  t<^ether  (as  in  t  Lyne),  or  a  pair 
of  stars  with  two  single  stars  close  by ;  aad  there  are  some  cases 
where  more  than  four  form  a  "  muUiple  Mar."  Fig.  226  representa 
a  number  of  such  double  and  multiple  stars. 

867.  DiitauM,  Hagnitudei,  and  Colon.  — The  apparent  distances 
usually  range  from  SO"  to  ^",  few  telescopes  being  able  to  separate 
double  stars  closer  than  ^". 

In  a  very  large  proportion  of  cases  (perhaps  about  one>tliinl  of  all) 
the  two  stars  are  nearly  equal ;  in  many  others  they  are  extremely 
unequal)  a  minute  star  near  a  large  one  being  uanally  known  aa  its 
*'  companion." 

Not  infrequently  the  components  of  a  double  star  preaent  a  fine 

contrast  of  color;  never,  hoioever,  in  catet  tohere  they  art  nearly  equal 

in  magnitude.     It  is  a  remarkable  fact,  aa  yet  wholly  nnexplained, 

that  when  we  have  such  a  contrast  of  color  the  tint  of  the  amallor  star 

always  lies  higher  in  the  spectrum  than  that  of  the  larger  one.    The 

larger  one  is  reddiah  or  yeUomiah,  and  the  smaller  one  green  or  NtM, 

withoat  a  single  ezceptioii 

among  the  many  handnds 

of  snch  tinted  oonplea  now 

known,  y  Andromedc  and 

;3  Cygni  are  fine  examples 

for  a  amall  teleaoi^. 

868.     KniimBnt  of 

SonUe  Btan.— Snch  meM- 
urea  are  generally  nude 
with  a  filar  poaEtloa-mi- 
crometer,  CMentlally  mch 
as  shown  In  Flga.  S8  and 
29  (Art.  7S).  Theqou- 
titiee  to  be  detennload  ■!• 
the  diatanoe  sndporitkM- 
angle  of  the  oonirie.  By 
"  distance  "  wemean  dmp^ 
the  appanat  < 


Hi  l\»ltk»iADKleDraDaul>U 


seconds  of  arc  betwi     .  1 
tion-angU  of  a  double 
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by  the  line  draum  from  the  larger  star  to  the  smaller^  reckoning  around 
from  the  north  through  the  east,  as  shown  in  Fig.  227. 

Photograi)hy  may  also  be  used,  and  promises  to  become  a  favorite  method. 
The  tirst  photograph  of  such  an  object  was  by  Bond  in  1851. 

869.  Stars  Optically  and  Physically  Double. — Stars  may  be  double 
in  two  (liffereut  ways.  They  may  be  merely  optically  double,  —  that 
i8,  Kiinply  in  line  with  each  other,  but  one  far  beyond  the  other;  or 
thev  m.av  be  re.iUy  very  near  together,  in  which  case  they  are  said  to 
he  ''  jthy.iiailhf  connected^"  because  they  are  then  under  the  influence 
of  their  mutual  attraction,  and  move  accordingly. 

870.  Criterion  for  distingaishing  between  Physically  and  Optically 
Doable  Stars.  —  Tliis  cannot  ])e  done  ofT-hand.  It  requires  a  series  of 
measurements  long  enough  continued  to  determine  whether  the  relative 
movement  of  the  stars  is  in  a  curve  or  a  straight  line.  If  the  stars 
are  really  close  together  their  attraction  will  force  them  to  describe 
enrvi^s  around  each  other.  If  they  are  really  at  a  great  distance  and 
only  aceidentally  in  line,  then  their  proi>er  motions,  being  sensibly 
uniform  and  rectilinear,  will  produce  a  relative  motion  of  the  same 
kind.  Taking  either  star  as  fixed,  the  other  star  will  appear  to  pass 
it  in  a  utraitj^ht  line,  and  with  a  steadv,  uniform  drift. 

871.  Relative  Homber  of  Stars  Optically  Doable,  and  Physieally 
connected.  —  Double-star  obser\'ations  practically  began  with  Sir 
William  Ilersehel  only  a  little  more  than  a  hundred  years  ago. 
AVlien  he  t<x>k  up  the  subject  less  than  100  such  pairs  had  been  recog- 
nized, sueh  as  had  l)een  accidentally  encountered  in  making  observa- 
tions of  various  kinds.  The  great  majority  of  double  stars  have  been 
discovered  so  recently  that  sutllcient  time  has  not  yet  elapsed  to  make 
the  eriterion  al)ove  given  effective  with  more  than  a  small  proportion 
of  them.  Hut  it  is  already  perfectly  clear  that  the  optically  double 
stars  are,  as  the  theory  of  probability  shows  they  ought  to  be,  very 
A'w  in  number,  while  several  hundred  pairs  have  shown  themselves 
to  be  physically  connecteil,  i.e.,  to  be  what  are  known  as  *'  binary** 
stars,  or  couples  which  revolve  around  their  common  centre  of  gravit}*. 

872.  Binary  Stars.  —  Sir  W.  Ilersehel  began  his  ol>ser\'ations  of 
double  stars  in  the  hope  of  ascertaining  stellar  parallax.  He  had 
8up{>osed  in  the  case  of  couples  where  one  was  large  and  the  other 
small  that  tlie  stualler  one  was  usually  a  long  way  beyond  the  other 


Ik. 
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(as  sometimes  is  really  the  fact).  In  this  case  there  should  be  per- 
ceptible variations  in  the  distance  and  position  of  the  two  stars  dur- 
ing the  course  of  the  year;  precisely  such  variations  as  those  by 
which,  fifty  years  later,  Bessel  succeeded  in  getting  the  paralkx  of 
61  Cygni  (Art.  811).  But  Herschel,  instead  of  finding  the  yearly 
oscillation  of  distance  and  position  which  he  expected,  found  quite 
a  different,  and,  at  the  time,  a  surprising  thing,  —  a  regular,  progres- 
sive change,  which  showed  that  one  of  the  stars  was  slowly  describing 
a  regular  orbit  around  the  other.  To  use  his  own  expression,  he 
**went  out  like  Saul  to  seek  his  father's  asses,  and  found  a  king- 
dom,"— the  dominion  of  gravitation^  extended  to  the  stars,  unlimited 
by  the  bounds  of  the  solar  system.  .  y  Vii^nis,  (  Ursie  Majoris, 
and  C  Herculis  were  among  the  most  prominent  of  the  systems 
which  he  pointed  out. 

At  present  the  number  of  pairs  ktiawn  to  be  binary  is  at  least 
200,  and  as  many  more  begin  to  show  signs  of  movement.  (Up 
to  the  present  time  of  course  only  the  quicker  moving  ones  are 
obvious.)  About  fifty  have  progressed  so  far,  —  having  made  at 
least  one  entire  revolution  or  a  great  part  of  one,  —  that  their  orbits 
have  been  computed  more  or  less  satisfactorily. 


873.  Orbits  of  Binary  Stars.  —  The  real  orbit  described  by  eadk 
of  such  a  pair  of  stars  is  always  found  to  be  an  ellipse,  and  assum- 
ing the  applicabilit}'  of  the  law  of  gravitation,  the  common  centre  of 
gravity  must  be  at  the  focus.  The  two  ellipses  are  precisely  similar, 
the  one  described  by  the  smaller  star  being  larger  than  the  other  in 
inverse  pro|>ortion  to  the  star's  mass. 

So  far  as  the  relative  motion  of  the  two  bodies  goes,  we  may  reg^ard 
either  of  them  (usually  the  larger  is  preferred)  ais  being  at  rest,  ai^ 
the  other  as  moving  around  it  in  a  relative  orbit  of  precisely  the  same 
shape  as  either  of  the  two  actual  orbits  which  are  describe<l  around 
the  centre  of  gravity.  But  the  relative  orbit  is  larger,  having  for  its 
semi-major  axis  the  sum  of  the  two  semi-axes  of  the  real  orbits  (Art. 
427). 

Usually  the  relative  orbit  is  all  that  we  can  ascertain,  as  this  slooe 
can  be  deduced  from  the  micrometer  measures  when  they  ooDslst 
only  of  position-angles  and  distances  measured  between  the  two  stars. 

1  It  is  not  yet  fully  demonstnited  that  the  motions  of  hinarj  start  are  doe  to 
f^ravitation,  though  it  is  extremely  probable,  and  the  burden  of  proof  NeBM  to 
be  shifted  upon  those  who  are  disposed  to  donbt  it.  See,  howerer^  the  foo^ 
note  to  Article  001. 
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In  a  few  cases  where  such  measures  have  been  made  from  small  stars  in 
the  same  field  of  view  with  the  couple,  but  not  belonging  to  the  system,  or 
when  the  couple  has  long  been  observed  with  the  meridian  circle,  it  becomes 
possible  to  work  out  separately  the  orbit  of  each  star  of  the  pair  with  refer- 
euce  to  their  common  centre  of  gravity ;  then  we  can  deduce  their  relative 
masses,  as  for  instance,  in  the  case  of  Sirius  and  its  companion. 

874.  Calonlation  of  the  Orbit  of  a  Binary  Star.  —  If  the  observer 
is  so  placed  as  to  view  the  orbit  perpendicularly,  he  will  see  it  in  its 
true  form  and  having  the  larger  star  in  its  focos,  while  the  smaller 
moves  around  it,  describing  *^  e()ual  areas  in  equal  times."  But  if  the 
observer  is  anywhere  else,  the  orbit  will  be  apparently  more  or  less 
distorted.  It  will  still  be  an  ellipse  (since  ever}*  projection  of  a  conio 
is  also  a  conic) ,  but  the  large  star  will  no  longer  oocopy  its  focus, 
nor  will  the  major  and  minor  axes  be  apparently  at  right  angles  to 
each  other ;  nor  will  they  even  coincide  with  the  longest  and  shortest 
diameters  of  the  ellipse.  In  this  distorted  ellipse  the  smaller  star  will, 
however,  still  describe  equal  areas  in  equal  Umes  around  the  larger  one« 

Theoretically  five  absolutely  accurate  observations  of  the  position 
and  distance  are  sufficient  to  determine  the  elements  of  the  relative 
orbit,  if  we  assume  that  the  orbital  motion  is  described  under  the  law 
of  gravitation.  Practically  a  greatc*r  number  are  needed  in  most  cases, 
because  the  motions  are  so  slow  and  the  stars  so  near  each  other  that 
observation-errors  of  O'M  (which  in  most  calculations  are  of  small 
account)  here  become  importsmt.  The  work  requires  not  onl}'  labor, 
but  judo^ment  and  skill,  and  unless  the  pair  has  completed  or  nearly 
completed  an  entire  revolution  the  result  is  apt  to  be  seriously  uncer- 
tain. So  far,  as  has  been  said,  about  fifty  such  orbits  are  fairly  well 
determined.  Catalogues,  more  or  less  complete,  will  be  found  in 
Flamniariou's  book  on  '*  Double  Stars,"  also  in  Gledhill's  *'  Hand- 
lH>ok  of  Double  Stars,"  and  Houzeau's  *^  Vade  Mecum."  See 
Table  V.  in  the  Appendix. 

875.  Sirius  and  Prooyon.  —  The  cases  of  these  two  stars  are  remark- 
altle.     In  both  instances  the  large  stars  have  been  found  from  meridian- 

circl«»  observations  to  Ih»  slowly  moving  in  little  ellipses,  although  when  this 
(liscovtTv  wiLs  tirst  niatio  neither  of  them  was  known  to  Ihj  double.  In  1862 
the  minute  companion  of  Sirius  was  discovered  by  Clark  with  the  object- 
glass  of  th«>  Chicaj^o  telescofte,  then  just  finishe<l,  and  at  that  time  the 
lari^'est  ol»j«'it-glass  in  the  world.  And  this  little  companion  was  found  to  be 
preci^ly  tlie  object  needed  to  account  for  the  peculiar  motion  of  Sirius  itself. 
In  tlit>  case  of  Prooyon,  the  companion,  if  it  exists,  is  yet  to  be  discovered; 
not,  ho\>t>v(M-,  In^cause  it  has  not  been  carefully  looked  for  with  the  most 
powerful  instruments. 
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876.  Period!.  —  The  periods  of  binary  stars,  bo  for  as  at  present 
kaown,  vary  from  fourteen  years  (the  period  of  8  Equnlei)  to  nearly 
1600  ycara,  as  {  Aqunrii. 

It  is  po«aible  tlist  one  or  tvo 
others  may  be  found  with  periods 
even  shorter  than  fourteen  yean, 
aiid  it  is  practically  certain  that 
as  time  goes  on,  pairs  of  longer 
period  thim  1500  yean  frill  {»«- 
sent  tbemselTee.  Computed  pe- 
riods much  exceeding  200  yoars 
must,  however,  be  received  at 
present  with  much  reserve,  b»> 
cause  the  observations  now  avail- 
able do  not  cover  a  i 
portion  of  the  orbit. 


Fig.  228  sbowB  the  apparent 
orbits  of  several  of  the  tnoet 
interesting  binariee. 

Fio..£»l.-Orbluot  Uliur)  t^ur*.  877.      SIM  Of  tiU  OfllltS. — 

The  angular  semi-major  axes 
of  the  orbits  thus  far  (.■otiiputed  range  from  about  0".S  for  t  Eqaulei, 
to  18"  for  a  Centauri.  The  real  dimensions  are,  of  coarse,  oaly  to  be 
obtained  when  we  know  the  star's  parallax  and  distance.*  Forta- 
natoly  several  of  tlio  stars  whose  parallaxes  hare  been  deteniuned 
arc  al»o  biimry  stars.  A^uming  the  data  as  to  parallax  and  orbits 
given  in  the  tables  in  the  Appendix  (mainly  token  from  Botueaa'a 
'*  Vado  Mccum  ")  we  find  the  following  short  table  of  results :  — 
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It  is  obvious  from  the  table  that  the  double-star  orbits  are  com- 
parable with  the  larger  orbits  of  the  solar  system  ;  that  of  a  Centauri 
l>eiDg  just  about  equal  in  size  to  that  of  Uranus,  and  that  of  i; 
CoflsioiMiiffi  not  quite  double  the  size  of  Neptune's  orbit.  Of  course 
the  muny  binary  stars  whose  distance  is  so  great  as  to  make  their 
parallax  insensible  while  their  apparent  orbits  are  as  large  as  those 
given  in  the  list  must  have  real  orbits  of  still  vaster  dimensions. 

878.  Masses  of  Binary  Stan.  —  When  we  know  both  the  size  of 
the  orbit  of  a  binary  and  ita  period,  the  mass,  according  to  the  law 
of  gravitation,  follows  at  once  from  the  equation  of  Article  536, 

3f-|-m  =  4ir«^. 

If  t  and  a  are  given  respectively  in  years  and  astronomical  units 
of  diittance,  then  M  -\-ni  comes  out  in  terms  of  the  sun*s  mass.  The 
final  column  of  the  little  table  above,  gives  the  masses  of  the  six 
pairs  of  stars  as  compared  with  the  mass  of  the  sun.  But  the  student 
must  iK^ar  in  mind  that  the  parallaxes  of  stars  are  so  difficult  to 
measure  and  uncertain,  that  these  results  are  to  be  accepted  with  a 
very  large  margin  of  error. 

879.  Relation  between  the  '<  Maat-BrightnoM  *'  of  BinAry  Stan. 

—  Monck  of  Dublin  has  rcM^ntlv  called  atteutioii  to  a  curious  relation 
l>etween  tho  apparent  brightness  of  a  binary,  iU  period  and  (angular)  dia- 
tance  on  the  one  liand,  and  ita  **  moM-hrightness^**  or  camilf-power  per  tan^  so 
to  speak,  on  the  other,  —  a  relation  which  does  not  involve  a  knowledge  of 
the  parallax  of  the  stars.  He  shows  that  if  we  let  /  Iw  the  apparent  bright- 
ness of  any  double  star,  photometrically  determined,  a  the  semi-major  axis 
of  it.s  orbit  (in  seconds  of  arc),  and  t  its  period  in  years,  while  i;  is  its 
*'  maM-ltriyhtnesSy*  or  candle-power  per  ton,  —  then  we  have  * 

»,„.,.;,,W,v.V«t;-;;(J)'(a)-. 

{The  Observatory^  February^  1887.) 


*  This  is  strictly  true  only  on  the  aMumption  that  either  the  two  compoDents 
of  the  double  star  hare  the  same  oiaM-brightnett,  or  else  that  the  imaller  ooe  it 
so  much  smaller  that  its  motion  it  practically  the  tame  at  if  it  were  a  mere 
particle.  If  the  stars  of  the  pair  are  both  about  alike,  or  if  they  differ 
greatly  in  mass,  the  equation  it  practically  correct  in  either  cate.  It  breaks 
down  when  the  two  stars  of  a  pair  do  not  differ  muck  in  wtass,  bmi  do  differ  grtady 
in  brightneu  —  probably  an  anataal 
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He  takes  (  Ursae  Majoris  as  a  standard  (t.e.»  its  1;=  1),  and  finds  for 
y  Leonis  X;  =  03 ;  for  a  Geminoram,  38;  for  Sirius,  7;  for  {  Hercnlis,  4;  for 
rj  Cor.  Bor.,  1.5;  for  70  Ophiachi,  0.36;  for  rj  CassiopeiiB,  0^;  and  for  61 
Cygni,  0.08.  In  other  words,  y  Leonis  is  enormously  brilliant  in  proportion 
to  its  mass,  Sirius  is  medium,  while  61  Cygni  is  extremely  faint.  Upon 
this  scale  the  sun^s  mass-brightness  would  be  about  2,  judging  from  its  mam 
and  brightness  compared  with  that  of  Sirius  (Arts.  882  and  877).  (We 
have  given  above  only  a  few  of  Mr.  Monck's  numbers.) 

880.  Have  the  Stan  Planeti  attending  ibemt  —  It  is  a  very 
natural  supposition  that  the  minute  companionB  which  attend  some  of 
the  larger  stars  may  be  really  planetary  in  their  nature,  shining  more 
or  less  by  reflected  light.  As  to  this  we  can  only  say,  that  while  it  is 
quite  possible  that  other  stars  besides  our  sun  may  have  their  retinues 
of  planets,  it  is  quite  certain  that  such  planets  oonld  not  be  seen 
by  us  with  any  existing  telescope.  If  our  sun  were  viewed  from 
a  Centauri,  Jupiter  would  be  a  star  of  less  than  the  twenty-first  mag- 
nitude, at  a  distance  of  only  5''  from  the  sun,  which  itself  wonld  be  a 
smallish  first-magnitude  star. 

881.  The  statement  can  be  verified  as  follows :  Jupiter  at  opposition  is 
certainly  not  equivalent  in  brightness  to  twenty  stars  like  Vega  (most 
photometric  measurements  make  it  from  eight  to  fourteen).  Assuming, 
however,  that  it  is  equal  to  twenty  Vegas,  its  light  received  by  the  earth 
would  be  about  ^ojiji-ijszjijns  oi  the  sun's.  At  opposition  our  distance 
from  Jupiter  is  about  four  astronomical  units,  so  that  seen  from  the  same 
distance  as  the  sun,  its  light  would  be  sixteen  times  that  quantity,  or 

(nearly)  xi?  ^ovT^jf  o^  *^®  sun's. 

Now  a  ratio  of  125,000000  between  the  light  of  two  stam  corresponds  to  a 
difference  of  20  +  magnitudes 

(log  125,000000  =  8.0969 ;  but  5:5?$£  =  20.24  magnitudes.    (Art  820.)) 

\  U.4U00  / 

Accordingly,  if  the  observer  were  removed  to  such  a  distance  that  the  son 
would  appear  like  a  first-magnitude  star  (as  would  be  the  case  from 
a  Centauri),  Jupiter  would  be  a  star  of  the  twenty-first  magnitude.  Accords 
ing  to  Art.  822,  it  would  require  a  25-inch  telescope  to  show  a  star  of  tho 
sixteenth  magnitude;  it  would  therefore  require  an  instrament  with  an 
aperture  of  250  inches,  or  nearly  21  feet,  to  show  a  star  fire  nsgnitudei 
fainter,  even  if  there  were  no  large  star  near  to  add  to  the  difllonllry. 

882.  Triple  and  Multiple  Stars.  —  There  are  a  oonrideiable  nooilwr 
of  objects  of  this  kind,  and  some  of  them  constitute  phyiieal  systems.  Ik 
the  case  of  {  Cancri  the  two  larger  stars  reyol?e  aromid  tlieir  oommoD 
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centre  in  a  nearly  circular  orbit  less  than  2"  in  diameter,  and  with  a  period 
of  about  sixty  years ;  while  the  third  star,  smaller  and  more  distant,  moves 
around  the  closed  pair  in  an  orbit  not  yet  well  determined,  but  with  a  period 
that  must  be  several  hundred  years ;  and  in  its  motion  there  is  evidence  of  a 
peculiar  perturbation,  as  yet  unexplained.  In  c  Lyrse  we  have  two  pairs, 
each  making  a  very  slow  revolution,  of  periods  not  yet  detennined,  but 
probably  ranging  from  300  to  500  years.  And  since  the  pairs  have  also  a 
common  proper  motion  it  is  practically  certain  that  they  also  are  physically 
connected,  and  revolve  around  their  common  centre  of  gravity  in  a  period  to 
be  reckoned  by  millenniums  —  the  motion  during  the  last  hundred  years 
being  barely  perceptible.  In  other  cases,  as  for  instance,  in  the  multiple 
star  B  Ononis,  we  have  a  number  of  stars  not  organized  in  pairs,  but  at  more 
or  less  equal  distances  from  each  other :  we  are  confronted  by  the  problem 
of  n  bodies  in  \i»  most  general  and  unmanageable  form.  Nature  challenges 
the  mathematicians. 

883.  Clusten.  —  There  are  in  the  sky  nuroeroas  groups  of  stars 
containing  from  one  hundred  to  many  thousand  members.  Some  of 
them  are  made  up  of  stars  visible  separately  to  the  naked  eye,  as  the 
Pleiades  ;  some  of  them  require  a  small  telescope  to  resolve  them,  as, 
for  instance,  the  Prsesepe  in  Cancer,  and  the  group  of  stars  in  the 
sword-handle  of  Perseus ;  while  others  yet,  even  in  telescopes  of 
some  size,  look  simply  like  wisps  or  balls  of  shining  cloud,  and  break 
up  into  stars  only  in  the  most  |K)werful  instruments. 

In  a  large  instrument  some  of  the  telescopic  clusters  are  magnificent  ob- 
jects, composed  of  thouHands  of  stellar  sparks  compressed  into  a  ball  which 
is  dazzlingly  bright  at  the  centre  and  thinning  out  towards  the  edge.  In 
some  of  them  vividly  colored  stars  add  to  the  beauty  of  the  group.  In  the 
northern  hemisphere  the  finest  cluster  is  that  known  as  13  M  Hercules  (a, 
16'  37*  and  8,  24°  03')  not  very  far  from  the  **apex  of  the  sun's  way." 

884.  The  Pleiades.  —  Of  the  naked-eye  clusters  the  Pleiades  is 
the  most  interesting  and  important.  To  an  ordinary  eye  six  stars  are 
easily  visible  in  it,  the  six  largest  ones  indicated  in  the  figure  (Fig. 
229).  Kyes  a  little  better  see  easily  five  more  —  those  next  in  size 
in  the  tigure  (the  two  stars  of  Asterope  being  seen  as  one).  A 
very  small  telescope  (a  mere  opera-glass)  increases  the  number  to 
nearly  a  hundred ;  and  with  large  instruments  more  than  400  are 
catalogued  in  the  group.  A  few  of  the  stars,  apparently  in  the  cluster, 
are  really  only  accidentally  on  the  same  line  of  vision,  and  are  distin- 
guished by  proper  motions  different  IVom  those  of  the  rest  of  the 
group ;  but  the  great  majority  have  proper  motions  nearly  the  tame 
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in  amount  and  directioD  ;  they  hare  also  identical  spectra,  and  there- 
fore undoubtedly  constitute  a  single  ayatem. 
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Fia.  229.  — Tbel'Jekdei. 

TIiG  distniiccs  mid  posiliotiii  of  (lie  principal  stan  vith  respect  to  the 
cctitriil  Ktfir  Alcyone  liave  Wn  carefully  measured  three  or  four  tunea 
liiiriii^;  tJie  last  lifty  yciirs.  The  relative  motions  during  the  period  hars 
not  proT(.-d  largo  enough  to  admit  of  xutisfactory  determination,  bnt  it  ia 
clear  that  such  motions  i-xist.  A  curious  and  inteiesting  fact  ia  the  pnaenee 
of  nehaloM  matler  in  considerable  (iiiatitity.  A  portion  of  this  nebnlonfy 
hanging  around  Merotie  (the  northeast  star  of  the  dippei^howl  in  the  flgnre) 
WHS  discovered  many  years  ago ;  Iiut  it  nas  reaerred  to  ^btitognipbj  to 
detect  very  recently  other  wisps  of  nehulosity  attached  to  other  itan^  ttp^ 
i-i:i1Iy  to  Alaia,  and  to  show  that  the  whole  space  is  covered  whh  ativekB  and 
streamers  of  it,  emitting  hglit  of  such  a  character  as  to  impiMB  the  phato* 
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^aphic  plate  much  niore  strongly  than  the  eye.  The  eye  cannot  see  the 
nobula  with  th<>  same  telescope  which  is  able  to  photograph  it  strongly. 
The  figure  shows  roughly  the  outlines  of  some  of  the  principal  neboloas 
filaiiM^uts. 

880.    Distance  of  Star-Clusters  and  Site  of  the  Component  Stars.  — 

Tlic  question  at  once  arises  whether  cluBters,  each  as  the  one  men- 
tioned in  Hercules,  arc  composed  of  stars  each  comparable  with  our 
Hun,  and  separated  by  distances  corresponding  to  the  distance  between 
the  sun  and  its  neighlK)ring  stars,  or  whether  the  bodies  which  oom- 
I>ose  the  swarm  arc  really  very  small,  —  mere  sparks  of  stellar  matter : 
whether  the  distance  of  the  mass  from  us  is  about  the  same  as  that 
of  tlie  stars  among  which  it  seems  to  be  set,  or  whether  it  is  far 
)>evond  them.  Forty  years  ago  the  accepted  view  was  thai  the  stars 
composing  the  dusters  are  no  smaller  than  ordinary  stars,  and  that 
the  distance  of  the  star-clusters  is  immensely  greater  than  that  of 
the  isolated  stars.  There  are  many  eloquent  passages  in  the  writings 
of  that  perioil  based  upon  the  belief  that  these  star-clusters  are 
stellar  universes^  —  **  galaxies,"  like  the  group  of  stars  to  which 
the  writers  supposed  the  sun  to  belong,  but  so  inconceivably 
remote  that  in  appearance  they  shrank  to  these  mere  balls  of  shin- 
ing dust. 

It  is  now,  however,  (juite  certain  that  the  other  view  is  correct,  — 
that  star-(*lusters  are  among  our  stars  and  form  part  of  our  universe. 
Large  and  small  stars  are  so  associated  in  Uie  same  gproup  in  many 
ca^es.  as  to  U>ave  us  no  choice  of  belief  in  the  matter.  It  is  true 
that  as  yet  no  parallax  has  been  detected  in  any  star-cluster;  but 
that  is  not  strange,  since  a  cluster  is  not  a  convenient  object  for 
observations  of  the  kind  necessary  to  the  detection  of  parallax. 

886.  The  KebulflB.  —  There  are  also  in  the  sky  a  multitude  of 
faintly  shining  Ixxlies,  —  shreds  and  balls  of  cloudy  stuff  that  are 
known  as  ^'uf'buhe**  (the  wortl  meaning  strictly  a  ''little  cloud"). 
Some  1  (),()( )0  or  11, (HK)  of  these  objects  are  already  catalogued. 

Two  or  three  of  them  are  visible  to  the  naked  eve.  The  nebula  in 
the  ^inlle  of  Andromeda  is  the  brightest  of  them,  in  which,  it  will  be 
renu'inlKTed,  the  teini)orary  star  of  1885  appeared. 

The  next  bri<;htest  is  the  wonderful  nebula  of  Orion,  which,  in  the 
b(>auty  and  variety  of  its  details,  in  the  interesting  relations  of  the 
included  stars,  the  delicate  tint  of  the  filmy  light,  and  in  its  spectro- 
scopic interest,  far  exceeds  the  other,  —  indeed*  all  others. 
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It  is  BO  difficult  to  represent  these  delicate  objeoti  bj  tuj  pro  aw  amiV 
able  to  text-books,  that  we  limit  oarselres  to  cats  of  two  only,  tha  grant 
nebula  of  Andromeda  and  the  "  ring-nebnla "  in  I^n  (boQi  from  arigind 
drawings),  referriiig  the  reader  to  the  elaborate  engnTioga  that  can  b* 
found  in  the  "Philosophical  Transactions,"  the  "Hemoin  of  the  Bojal 
Astronomical  Socie^," 
and  oQwr  rimilat  worka, 


tiona  of  oUwr  intnrert 
iDgob}eeto(tf  this  kind. 

'With  s  iiaaU  tete- 
aoope  ft  nebnU  cannot 
be  distingaished  from 
a  oloae  atar-closter, 
and  it  ia  quite  likel; 
that  the  clnaters  and 
neboln  oliade  into 
each  other  by  inwnai- 
ble  gradatioQB.  Fortp 
yean  ago  It  waa  rap- 
posed  that  there  was  no  distiDction  between  them  except  that  of 
mere  remoteness,  — tliat  all  uebulie  could  be  resolred  into  atan  bj 
sufficient  increase  of  telescopic  power.  Wlien  Lord  Bosae's  great 
telescope  was  first  erected,  it  was  for  a  Ume  reported  (and  the  state- 
ment in  still  often  met  with)  that  it  had  "  resolved"  the  Orion  nebula. 
This  was  a  mistake  however.  No  telescope  erer  has  reaolTed  that 
nebula  into  stars  Dor  ever  wjll,  for  we  now  know  tliat  it  ia  not  oom- 
posed  of  stars. 

8S7.  Fomu  and  Ha^tndes  of  ITebnla.  — The  larger  and  Mortar 
nebiilie  are,  many  of  them,  very  irr^ular  in  fOTmi  Btretdhiog  out 
sprays  and  streamers  in  all  directiona,  and  containing  dark  opeainga 
or  "  lanes."  The  so-called  ''  fish-mouth  "  in  the  nebala  of  Orion,  and 
the  (lark  streaks  iu  the  nebula  of  Andromeda,  are  striking  examplea. 
Some  of  these  bodies  are  of  enormous  volume.  The  nebula  of  Orinv 
witli  its  outlyinjT  Btreamers,  extends  over  several  eqnare  degreee,  and 
the  nebula  of  Andromeda  covers  more  tlian  one.  Now,  aa  arm 
from  even  the  nearest  star,  the  apparent  distance  of  NeptBlW  ftom 
the  sun  is  only  30",  and  the  diameter  of  ita  orbit  1'.  It  Is  peifbetly 
certain  that  neither  of  these  nebulse  is  as  near  M  a  Centaocl,  aad 
therefore  the  cross-section  of  the  Oriou  nebula,  as  aeen  fraa  tta 
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eartb,  must  be  at  Ua»t  maoy  thousaDd  times  the  are*  of  Neptune's 
orbit. 

Wc  do  not  knov  what  is  the  real  shape  of  either  of  these  nebuls. 
whether  it  is  a  thin,  Qat  aheet,  or  a  vobiminoiis  bulk  ;  but  some 
thin^^a  about  these  two  nebula'  and  several  others  favor  strongly 
the  idea  that  their  thickness  does  not  correspond  to  their  apparent 
area. 

888.     The  Sauller  Velmls.  —  The  smsller  nebuhe  are  for  the  most 
I>art  elliptical  in  outline,  some  nearly  circular,  otben  more  ekx^ted, 
and  some   narrow,   slender  streaks  of  light.     GenerftUy   the;  are 
brighter  at  the  centre,   and  in 
many  cases  the  centre  is  occu- 
pied by  a  star.     Indeed,  Uierc 
is  a  considerable  number  of  so- 
called     '*  nebxdoui  start"     that 
is,  stars  with  a  hazy  envelope 
around  them. 

There  are  some  nebulae  which 
present  nearly  a  uniform  disc  of 
light,  and  arc  known  aa  "plan- 
etary "  nebula-,  and  there  arc 
some  nhich  are  ilark  in  the 
centre  and  are  known  aa  "an- 
nttlar"  or  ring  nobulie.  Tlie 
finest  of  these  annular  nebulie 
is  the  one  in  the  constellation  of 
Lyra,  about  half-way  l>etweeu 

the  stars  j3  and  y  ;  it  is  ahown  K...«i.-Tb.  Ao.»i«Srt.i.hl.n^ 

in  Fig.  231. 

There  arc  also  a  number  of  double  nebulie,  and  some  of  these  exhibit 
a  remarkable  spiral  structure  when  examined  by  telescopes  of  the 
largest  ajwrture  like  tlie  great  reflector  of  Lord  Rosse.  The  so-called 
"  whirljiaol "  nelmla  in  the  constellation  ' •  Canes  Venatici "  is  the  noost 
Htrikiiig  specimen.  This  spiral  structure,  however,  is  to  be  made  ont 
ouli/  ill  large  lelescoiws ;  in  fact,  very  little  of  the  real  beauty  of  most 
of  these  obJGCtH  is  accessible  to  instrumenta  of  less  than  12  inches 
aperture. 

869.  Variabto  Nebola.  — There  arc  several  nebule  which  vary  in 
their  briijhtnft*  from  lime  to  time ;  one  especially,  near  c  Tanri,  at 
tiuiL'D  lias  bttiu  visible  with  a  small  telescope,  while  at  otlier  timea  it 
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is  entirely  invisible  even  with  large  ones.     So  far  no  r^ular  periodi- 
city has  been  ascertained  in  such  cases. 

890.  Tlieir  Spectra.  —  Ooe  of  the  earliest  and  most  remarkable 
achievements  of  the  spectroscope  was  its  demonstration  of  the  fact 
that  the  light  of  many  of  the  nebulai  proceeds  mainly  tiom  luminmit 
ga».  They  give  a  spectrum  of  six  or  seven  bright  lines '  (Fig.  232), 
three  of  which  are  fairly  conspicuous ;  while  the  rest  are  very  faint. 


Fia.lSS.— BpwtniiDat  (be  Ommm  ITtbaba. 

Three  of  the  lioes,  F,  Hy,  and  h,  are  due  to  Hydrogen.  One,  the  funtest  of 
all,  recently  discovered  by  Oopeland,  seems  to  be  identical  with  the  D,  line 
of  the  solar  chromoxphere ;  but  the  origin  of  the  rest  remains  onknown. 
The  brightest  line  of  the  whole  number  is  in  the  green,  X  500.4,  uid  was  for 
a  while  referred  to  nitrogen ;  but  under  closer  examination  the  identification 
breaks  dawn,  though  tb(>  student  will  find  it  still  called  "the  nitn^en  lim" 
in  many  oBtroiiomical  works- 
Mr.  Ijockyer  identifies  it  with  a  "  fluting  "  in  the  low-temperature  spec- 
trum of  magnesium,  which  he  has  found  in  the  spectrum  of  metaorites;  bat 
this  seems  rather  doubtful,  as  the  nebula  line  is  fine  and  sharp,  and  does  not 
look  at  all  like  the  relic  of  a  band;  nor  has  t^e  coincidence  been  satisfac- 
torily established  by  actually  confronting  the  nebula  spectram  with  that 
of  magnesium. 

All  the  nebulae  which  give  a  gaseous  spectrum  at  all,  present  this  same  spec- 
trum entire  or  in  [uirt.  If  the  nebula  is  faint  only  the  brightest  line  appears, 
while  the  Hy  line  and  the  other  fainter  lines  are  seen  only  in  the  brightest 
nebula;  and  under  favorable  circumstances. 

881.  But  not  all  the  nebulee  by  any  means  give  a  gaseoas  apee- 
trum  :  those  which  do  so  —  about  half  the  whole  number  —  are  of  a 
more  or  less  distinct  greenish  tint,  which  is  at  once  reoognizabl«  in 
the  telescope.  The  tchite  nebulte,  the  nebula  of  Andromeda  at  their 
head,  give  only  a  continuous  and  perfectly  ezpreosionleaa  apectnuDi 

'  The  viTe-lenictlia  of  the  UneB  are  the  followioK,  In  the  order  of  brigfatnaM: 
(1)(>00.4?  (2)496.8?  (3)  486.)  Hydrogen  (f );  (4)484Anrdn«SBr;  (6)  41(U 
IlydroKrn  (A) ;  (0)  087.4  Heliuni  (<};  (7)  446* 
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unmarked  by  an}'  lines  or  bands,  either  bright  or  dark.  This  must 
not  be  interpreted  as  showing  that  these  nebulae  cannot  be  gaseous ; 
for  a  gas  under  preftHure  gives  just  such  a  spectrum  ;  but  so  also  do 
masses  of  solid  or  li()uid  when  heated  to  incandescence.  The  spectro> 
scope  simply  declines  to  testify  in  this  case.  The  telescopic  evidence 
as  to  the  nature  of  the  white  nebulae  is  the  same  as  for  the  green. 
They  withstand  all  attempts  at  resolution,  none  more  firmly  than  the 
Andromeda  nebula  itself,  the  brightest  of  them  all. 

892.  Changes  in  the  Hebulae.  —  The  question  has  been  raised 
whether  some  of  the  nebula?  have  not  sensibly  changed,  even  within 
the  few  years  since  it  has  become  possible  to  observe  them  in  detail. 
It  is  (piite  certain  that  in  im|>ortant  respects  the  early  drawings  differ 
seriously  from  those  of  recent  obser\'er8 ;  but  the  ap[)earance  of  a 
nebula  dei)euds  so  much  upon  the  telescope  and  the  circumstances 
under  which  it  is  used,  the  features  are  so  delicate  and  indefinite,  and 
the  ditKculty  of  representing  them  on  paper  is  such,  that  ver>'  little 
reliance  van  be  placed  on  discrepancies  between  drawings,  unless  sup- 
l>orted  by  the  evidence  of  measures  of  some  kind. 

Titles  far,  th<'  Wst  .autheiitioated  instaiKH^  of  such  a  change,  according 
to  Professor  llulilen,  is  in  the  »o-ealled  "trifid"  nebula,  in  SagittariuB. 
Ill  this  objt'ct  there  is  a  i>eculiiir  three-legj^ed  area  of  darkness  which 
divides  the  nebula  into  thrre  1oIh»s.  A  bright  triple  star,  which  in  the 
early  ]>art  of  the  eentury  was  deserilwd  and  figured  by  Herschel  and 
other  ol»serv»Ms  as  in  the  middle  of  one  of  these  dark  lanes,  is  now  certainly 
in  the  edi^e  of  the  nebula  itself.  The  star  does  not  seem  to  have  move<i  with 
ref«'rence  to  the  neighboring  stars,  and  it  seems  therefore  necessary  to  suppose 
that  the  nebula  itself  has  drifte<l  and  changed  its  form. 

As  to  the  nebula  of  Orion,  Professor  Holden*s  conclusion  is,  that  while 
the  outliu*\t  of  the  different  featurt»8  have  probably  undergone  but  little 
change,  their  relativf  hrightnes*  and  prominence  has  been  continually  fluc- 
tuating. This,  how«'ver,  can  hardly  be  considered  certain;  to  settle  the 
question  will  probably  retpiin^  another  fifty  years  or  so.  and  the  compari- 
son, not  of  drawings  but  of  photographs  —  for  it  is  now  possible  to  photo- 
graph the  brij^hter  nebulje. 

893.  Photographs  of  Hebnlss.  —  The  first  success  in  photograph- 
ing un  object  of  this  sort  was  obtained  in  1880  by  Dr.  Henry  Dra|>er 
in  experiments  u()ou  the  nebula  of  Orion  :  in  1H81  and  1H82  he  greatly 
improved  u|x>n  his  first  essays ;  and  not  long  l)efore  his  death  in  1882 
he  obtaine<l  a  really  fine  photograph  of  the  beautiful  object.  Mr. 
Common,  of  England,  with  his  three-foot  siiver-on-glass  reflector,  and 
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expoaures  ranging  from  half  an  hour  apward,  hu  Stnce  then  obtidned 
pictures  of  the  same  object,  Btill  finer,  and  ttiat  aeem  to  leave  little  to 
be  desired.  They  fail  of  perfection  only  because  the  stara  whicli 
jewel  the  nebula  so  brilliantly  as  seen  by  the  eye,  beoome  Id  a  pboto- 
grapU  mere  blotches,  encroaching  upon  and  cutting  out  la^e  patcbea 
of  the  most  interesting  portions  of  the  nebula. 

A  number  of  nebultc  have  alao  been  photographed  by  othen  as  w^ 
as  by  Common ;  hut  he  still  niuntiuns  the  lead,  and  it  is  hoped  that 
when  his  new  fiTe-foot  reflector  is  finished,  be  will  procnre  for  ns  an 
authentic  record  of  the  present  appearance  of  all  the  most  importaDt 
objects  of  thia  class. 

894.  Hature  of  the  KebolaB.  —As  to  the  coiutitntioa  of  theae 
clouds  we  can  only  speculate.  In  the  green  nehnle  we  can  lay  with 
confidence  that  hydrogen  and  some  other  gas  or  gaaea  are  certainly 
present,  and  that  the  gases  emit  most  of  the  light  that  readwa  na 
from  such  objects.  But  how  much  solid  or  liquid  matter  in  the  tona 
of  grains  and  drops  may  be  included  within  the  gaaeons  doad  we 
have  DO  means  of  knowiug. 

The  idea  of  Mr.  Lockyer  (a  part  of  his  wide  indnction  ai  lo  lAat  we 
may  call  the  "nieteoritic  constitution  of  the  universe")  is  that  they  are 
clouds  of  "sparse  meteorites,  tlie  collisions  of  which  bring  abont  a  rise 
of  temperature  sufficient  to  render  luminous  one  of  their  chief  oonstitoenta^ 
—  magiiesiuin." 

How  fur  this  theory  will  stand  the  t«Bt  of  time  and  future  inveatigafeions 
remains  to  be  seen.  At  first  view  it  seems  very  doubtful  wbetbsr  the  eaOi- 
iiion»  in  such  a  body  could  be  fre(|ueut  or  violent  enon^  to  aoconnt  for 
its  luminosity,  and  one  is  tempted  to  look  to  other  causes  for  the  soutve 
of  light. 

895.  Nnmber  and  Diitribntion  of  Vebnln.  —  Sir  William  Her- 
Bchel  was  the  first  extensive  investigator  of  these  interesting  objeoti, 
and  left  his  unfinished  work  ss  a  legacy  to  his  son,  Sir  Jc^  Her- 
schcl,  who  completed  the  survey  of  the  heavens  by  a  reridoBoa  of 
several  years  at  the  Cape  of  Good  Hope.  Hia  "  General  Catalagm  " 
is  the  standard  of  reference  for  objects  of  thia  kind,  and  ivfTrt*1'H 
about  10.000  of  them.  Between  1000  and  SOOO  iiion  turn  baaa 
added  since  its  publication,  m  of  them  extwamjy  ffetat>  It  li 
hardly  possible  that  any  impo     ,nt  remain  to  be  floODd. 

As  to  their  distribution,  it  is  «  onrio  ■  and  ^^£^5-^■^5*^^£^^J? 
is  in  rontraa  to  the  diatribntion  of  tan.    ^^SS^^^^§SSC^;=" 
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soon  see,  gather  especially  in  and  about  the  Milky  Way,  as  do  also 
the  star-clusters ;  but  the  nebube  specially  crowd  together  in  regions 
as  far  from  the  Milky  Way  as  it  is  possible  to  get.  As  has  been 
pointed  out  by  more  than  one,  this  shows,  however,  not  a  want  of 
relation  between  the  stars  and  the  nebulae,  but  some  **  relation  of 
contrariety."  I^ecisely  what  this  is,  and  why  the  nebuhe  avoid  the 
regions  thickly  starred,  is  not  yet  clear.  Possibly  the  stars  devour 
them^  that  is,  gather  in  and  appropriate  surrounding  nebulosity  so 
that  it  disappears  from  their  neighborhood. 

896.  Distance  of  the  Velmltt.  —  On  this  point  we  have  very  litUe 
absolute  knowledge.  Attempts  have  been  made  to  measure  the  par- 
allax of  one  or  two,  but  so  far  unsuccessfully.  Still  it  is  probable, 
indeed  almost  certain,  that  they  are  at  the  same  order  of  distance  as 
the  stars.  The  wisps  of  nebulosity  which  photography  shows  at- 
tached to  the  stars  in  the  Pleiades  (and  a  number  of  similar  cases 
appear  elsewhere),  the  nebulous  stars  of  Herschel,  and  numerous 
nebulae  which  have  a  star  exactly  in  the  centre,  —  these  compel  us  to 
believe  tliat  in  such  cases  the  nebulosity  is  really  at  the  star.  Then 
in  the  southern  hemisphere  there  are  two  remarkable  luminous  clouds 
which  look  like  detached  portions  of  the  Milky  Way  (though  they 
are  not  near  it),  and  are  known  as  the  Nubeculae  (major  and  minor). 
These  are  made  up  of  stare  and  star-clustere,  and  of  nebulae  also, 
all  swarming  together,  and  so  associatj^l  that  it  is  not  possible  to 
question  their  real  proximity  to  each  other. 

897.  Fifty  years  ago  a  very  different  view  prevailed.  As  has  been  said 
alrea<iy,  astrononiers  at  that  time  very  generally  believed  that  there  was  no 
distinction  Iwtween  nebube  and  ntar-clusters  except  in  regard  to  distance, 
the  nebula^  being  only  clusters  too  remote  to  show  the  8e]iarate  stam.  They 
considered  a  nebula,  therefore,  as  a  *'  universe  of  stars,"  like  our  own  **  galac- 
tic cluster  **  to  which  the  sun  belongs,  but  a8  far  beyond  the  **  star-clusters  " 
as  then**  were  believed  to  be  beyond  the  isolated  stars.  In  some  respects  this 
old  l>elief  strikes  one  as  grander  than  the  truth  even.  It  made  our  vision 
penetrate  more  deeply  into  space  than  we  now  dare  think  it  can. 

898.  The  Galaxy,  or  Kilky  Way.  —  This  is  a  luminous  belt  which 
surrounds  the  heavens  nearly  in  a  great  circle.  It  varies  much  in 
width  and  brightness,  and  for  about  a  third  of  its  extent,  from  Cyg- 
nus  to  Scorpio,  is  divided  into  two  nearly  parallel  streams.  In 
several  constellations,  as  in  Cygnus,  Sagittarius,  and  Argo  Navis, 
it  is  crossed   by  dark  straight-edged  bars  that  look  as  if  some 
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'  light  cloud  lay  athwart  it,  and  in  the  constellation  of  Centannis  there 
is  a  dark  pear-shaped  orifice, — the  ^'  coal  sack,"  as  it  is  called. 

The  galax}'  intersects  the  ecliptic  at  two  opposite  points  near  the 
solstices,  making  with  it  an  angle  of  about  60^.  The  northern 
^*  galactic  pole,"  as  it  is  called,  lies,  according  to  Sir  John  Herschel, 
in  declination  +37°,  and  right  ascension  12^  47";  the  southern 
^^ galactic  pole"  is  of  course  at  the  opposite  point  in  the  southem 
hemisphere.  As  Herschel  remarks,  the  '^  galactic  plane"  *' is  to 
sidereal  what  the  ecliptic  is  to  planetary  astronomy,  a  plane  of 
ultimate  reference,  the  ground  plan  of  the  sidereal  system." 

The  Milky  Way  is  made  up  almost  wholly  of  small  stars  from  the 
eighth  magnitude  down.  It  contains  also  a  large  number  of  star- 
clusters,  but  (as  has  been  already  mentioned)  very  few  true  nebnlsB. 
In  some  places  the  stai*s  are  too  thickly  packed  for  counting,  es- 
pecially in  tlie  bright  knots  which  abound  here  and  there. 

(An  excellent  detailed  description  of  its  appearance  and  course  may  be 
found  in  Ilerscher.s  '*  Outllnos  of  Astronomy.'*) 

899.     Distribution  of  Stars  in   the  Sky:    Star^teogat.  —  It  is 

obvious  that  the  stars  are  not  uniformly  scattered  over  the  heavens. 
They  show  a  decided  tendency  to  collect  in  groups  here  and  there, 
and  to  form  connected  streams ;  but  besides  this,  an  enumeration  of 
the  stars  in  the  great  star-catalogues  shows  that  the  number  increases 
with  considerable  regularity  from  the  galactic  poles,  where  they  are 
most  sparse,  towards  tlic  galactic  circle,  where  they  are  most  crowded. 
The  ^'st-ar-gauges"  of  the  Herschcls  make  this  fact  still  more 
obvious. 

These  gauges  consisted  merely  in  the  counting  of  the  number  of  stars 
visible  in  the  field  of  view  (15'  in  diameter)  of  the  twenty-foot  refleetor. 
Sir  William  Herschel  made  3400  of  these  gauges,  directing  the  telescope  to 
different  parts  of  the  sky;  and  liis  son  followed  up  the  work  at  the  Cape  of 
Good  Hope.  Struve's  discussion  of  these  gauges  in  their  relation  to  the 
galactic  circle  pives  the  followinj;  result :  — 

I>i8tance  from  Galaxy.  Namber  of  Stan  la  FMd. 

<Mr  ••••••••  4«XO  * 
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900.  Straotore  of  the  Heayens.  —  Our  space  does  not  permit  a 
discussioQ  of  the  untenable  oonclusions  reached  by  Herschel  and 
others  by  combining  the  unquestionable  data  derived  from  observa- 
tion, with  the  unfounded  and  untrue  assumptions  that  the  stars  are 
substantially  of  a  size  and  spaced  at  approximately  equal  distances. 
Many  of  tliosc  conclusions  relating  to  the  form  and  dimensions  of 
the  Milky  Way,  and  of  the  stellar  universe  to  which  our  sun  belongs, 
have  become  almost  classical ;  but  they  are  none  the  less  incorrect. 

It  is  certain,  however,  that  the  faint  stars  as  a  doss  are  smaller 
and  darker  and  more  remote  than  are  the  bright  ones  as  a  doss :  and 
accepting  this,  we  can  safely  draw  from  the  star-gauges  a  few  general 
conclusions,  as  follows :  ^ 

We  present  them  substantially  a8  given  by  Newcomb  in  his  **  Popular 

Astronomy,"  p.  491. 

1.  ^'The  great  mass  of  the  stars  which  compose  this  (stellar) 
system  are  spread  out  on  all  sides  in  or  near  a  widely  extended 
plane,  passing  through  the  Milky  Way.  In  other  words,  the  lai^ 
majority  of  the  stars  which  we  can  see  with  the  telescope  are  con- 
tained in  a  space  having  the  form  of  a  round,  flat  disc,  the  diameter 
of  which  is  eight  or  ten  times  its  thickness. 

2.  ^'  Within  this  space  the  stars  are  not  scattered  uniformly,  but 
are  for  the  most  part  collected  into  irregular  clusters  or  masses,  with 
comparatively  vacant  spaces  between  them."  They  are  "  gr^^ous," 
to  use  Miss  C'lcrke's  expression. 

3.  Our  suu  is  near  the  centre  of  this  disc-like  space. 

4.  Tlic  nciked-eye  stars  ^'are  scattered  in  this  space  with  a  near 
approach  to  unifonnity,"  the  exceptions  being  a  few  star-dusters  and 
Htar-groups  like  the  Pleiades  and  Coma  Berenices. 

f).  *"  The  disc  described  above  does  not  represent  the  form  of  the 
stellar  system,  but  only  the  limits  within  which  it  is  mostly  oon- 
taiued/*  The  circumstances  are  such  as  to  ^'  prevent  our  assigning 
any  more  definite  form  to  the  system  than  we  could  assign  to  a  cloud 
of  dust." 

r».  **  On  each  side  of  the  galactic  region  the  stars  are  more  evenly 
and  thinly  scattered,  but  probably  do  not  extend  out  to  a  distance  at 
all  approaching  the  extent  of  the  galactic  region,"  or  if  they  do  they 
are  very  few  in  number;  but  it  is  impossible  to  set  any  definite 
boundaries. 

7.  On  each  side  of  the  galactic  and  stellar  region  we  have  a  nebular 
rc^rion,  comparatively  starless,  but  occupied  b^  ^at  numbers  of 
nel)ula'. 
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As  to  the  Milky  Way  itself,  it  is  not  yet  certain  whether  the  stan 
which  compose  it  are  distributed  pretty  equally  near  the  galaotie 
circle,  or  whether  they  form  something  like  a  ring  with  a  compara- 
tively vacant  space  in  the  middle.  The  ring  theory  aeema  at  present 
rather  the  more  probable  of  the  two. 

As  to  the  distance  of  the  remotest  stars  in  the  stellar  system,  it  is 
impossible  to  say  anything  very  definite,  but  it  seems  quite  certain 
that  it  must  be  at  least  so  great  that  light  would  occupy  from  10,000 
to  20,000  years  in  traversing  it.  If  one  asks  what  is  beyond  the 
stellar  system,  whether  the  star-filled  space  extends  indefinitely  or 
not,  no  certain  answer  can  be  given. 

901.  Do  the  Stars  Form  a  Systemt — That  is,  do  they  form  an 
organized  unit,  in  which,  as  in  the  solar  system,  each  of  the  different 
members  has  its  own  function  and  permanently  maintains  its  relation 
to  the  rest?  Gravitation  certainly  operates,  as  the  binary  stars 
demonstrate,^  and  the  stars  are  moving  swiftly  in  yaciouB  directions 
with  enormous  velocities,  as  shown  by  their  proper  motions,  and  by 
the  spectroscope.  The  question  is  whether  these  motions  are  oon- 
trolled  by  gravitation,  and  whether  they  carry  the  stars  in  arbUt  that 
can  be  known  and  predicted. 

That  the  stars  are  organized  into  a  system  or  systems  ofwme  9orl 
can  hardly  be  doubted,  for  this  seems  to  be  a  necessary  oonseqoenoe 
of  their  mutual  attraction.  But  that  the  system  is  one  at  all  after 
the  pattern  of  the  solar  system,  in  which  the  different  members  move 
in  closed  orbits,  —  orbits  that  are  permanent  except  for  the  slow 
changes  produced  by  perturbation, — this  is  almost  certainly  im- 
possible, as  was  said  a  few  pages  back. 

902.  Is  there  a  Revolution  of  the  Whole  Msm  of  Btust — A 

favorite  idea  ha.s  been  that  the  mass  of  stars  which  constitutes  oar  system 


1  This  is  perhaps  rather  too  strong  an  expreuion.  It  would  be  truer  to  ny 
that  none  of  the  observed  phenomena  of  the  binary  start  eomtravttu  the  salTei^ 
sality  of  gravitation,  and  for  the  most  part  thej  are  just  what  gravitatfoa  muDj 
accounts  for.  But  they  do  not  demonstrate  that  the  central  fofos  Tariss  ^^le^■^^y 
with  the  square  of  the  distance,  because  we  do  not  know  the  angle  made  bjylhs 
orbit-plane  with  the  line  of  siglit,  except  from  calculations  based  on  the  aMim^ 
tion  that  the  central  force  really  varies  in  that  tray.  Hie  oiriiiti^  as  ^SmtOj 
observed,  are  consistent  with  several  other  laws  of  central  fores  tiuni  the 
law  of  inverse  squares.  (See  <'  Astron.  JonmaV  VoL  VIU^  srtiole  hy  PleC. 
A.  Hall.) 
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has  a  rIow  rotation  like  that  of  a  body  on  its  axis,  the  plane  of  this  general 
revolution  coinciding  with  the  plane  of  the  galaxy.  Such  a  general  motion 
in  not  in  any  way  inconsistent  with  the  independent  motions  of  the  indi- 
vidual stars,  and  there  is  perhaps  a  slight  inherent  probability  in  favor  of 
such  a  movement ;  but  thus  far  we  have  no  evidence  that  it  really  exists  — 
indeed,  there  hardly  could  l)e  any  such  evidence  at  present,  because  exact 
Astronomy  is  not  yet  old  enough  to  have  gathered  the  necessary  data. 

903.  Central  Suns.  —  A  numljer  of  speculative  astronomers,  Madler 
]M*rhap8  most  prominently,  have  held  the  belief  that  there  is  a  "  central  sun,** 
standing  in  some  such  relation  to  the  stellar  system  as  our  sun  does  to  the 
Holar  system.  It  is  hardly  necessary  to  say  that  the  notion  has  not  the 
slightest  foundation,  or  even  probability. 

Lambert  sup|x>sed  mani/  such  suns  as  the  centres  of  subordinate  stellar 
systems,  and  because  we  cannot  see  them,  he  imagined  them  to  be  dark. 

If  we  conceive  of  boundaries  drawn  around  our  stellar  system,  and  count 
all  the  stars  within  the  limits  as  members  of  it,  leaving  out  of  the  account  all 
that  fall  outnide,  then,  of  course,  our  system  so  limited  has  at  any  moment 
a  iH»rfectly  definite  centre  of  gravity.  There  is  no  reason  why  some  particular 
star  may  not  be  very  near  that  centre,  and  in  that  sense  a  **  central  sun  "  is 
]K>M8ible ;  but  its  central  position  would  not  give  it  any  preeminence  or  rule 
over  its  neighbors,  or  put  it  in  any  such  relation  to  the  rest  of  the  stars  as 
the  sun  bears  to  the  planets. 

904.  Orbits  of  Son  and  Stan.  —  It  is  practically  certain  that  the 
motions  of  the  stars  are  not  orbital  in  any  strict  sense.  Excepting 
stars  which  arc  in  clusters,  all  other  stars  are  simultaneously  acted 
upon  by  many  forces  drawing  in  various  and  opposite  directions ; 
and  these  forces  must  in  most  cases  be  so  nearly  balanced  that 
the  resultant  cannot  be  very  large.  The  motions  of  the  stars  must 
consequently,  as  a  rule,  be  nearly  rectilinear. 

Still  the  balancing  of  the  forces  will  seldom  be  exact,  and  accord- 
ingly the  path  of  a  star  will  almost  always  be  slightly  curved ;  and 
since  the  amount  and  direction  of  the  resultant  force  which  acts  on 
the  star  is  continually  changing,  the  curvature  of  its  motion  will 
alter  corre8|>ondingl3',  and  the  result  will  be  a  path  which  does  not 
lie  in  any  one  plane,  but  is  bent  alx)ut  in  all  ways  like  a  piece  of 
crooked  wire.  It  is  hardly  likely,  however,  that  the  curvature  of  a 
star's  path  would,  in  any  ordinary  case,  be  such  as  could  be  detected 
by  the  observations  of  a  single  century,  or  even  of  a  thousand 
years. 

As  has  been  said  before,  in  connection  with  the  proper  motions  of 
the  stars,  the  probability  is  that  the  separate  stars  move  nearly  inde- 


ol4  COSMOGONY. 

l>encleutly,  '*  like  bees  in  a  swarm/'  In  the  solar  system  the  eentral 
{x>wer  is  supreme,  and  perturbations  or  deviations  from  the  path 
wiiich  the  central  power  prescribes  are  small  and  transient.  In  the 
stollar  system,  on  the  other  hand,  the  central  force,  if  it  exists  at  all 
( as  an  altniction  towartls  the  centre  of  gravity  of  the  whole  mass  of 
>iars)  is  trifling.  Perturbation  prevails  over  regularity,  and  ''  indi- 
'niuah'sm  "  is  the  method  of  the  greater  system  of  the  stars,  as  solar 
iiosix)tism  is  that  of  the  smaller  system  of  the  planets. 

905.  Cosmogony. — Unquestionably  one  of  the  most  interesting, 
sr.vl  also  most  battling,  topics  of  speculation  is  the  problem  of  the 
WAV  in  whioh  iho  present  condition  of  the  universe  came  about.  By 
w':-..s:  pRXvssos  have  moons  and  earths  and  Jupiters  and  Saturns, 
vv^.vc  :o  thoir  present  state  and  into  their  relation  to  the  sun?  What 
..AS  ':ve::  liioir  past  history,  and  what  has  the  future  in  store  for 
:'v:v  ■  How  has  the  sun  come  to  his  present  glory  and  dominion? 
AL  .1  :^  :>A'  sjollar  universe,  what  is  the  meaning  and  mutual  relation 
.  ;*  :  0  \.^:U»i;s  oixleis  of  bodies  we  see,  —  of  the  nebulae,  the  star- 

V  .•^:^r'<,  :*:aI  :he  >lars  themselves? 

I  v.  A  ■:  ^:e>:,  to  use  a  comparison  long  ago  employed  by  the  elder 
;ur>iv*'-.c"»  wo  >oe  aivund  us  trees  in  all  stages  of  their  life  history. 

V  >'A'  ,i:v  :'.o  seedlings  just  sprouting  from  the  acorn,  the  slender 
x.t.'  .v;v,  ::-.c  ^:l:!^l^  oaks  in  their  full  vigor,  those  also  that  are  old 
\'.l  v..*r  vUv\4\\  and  the  prostrate  trunks  of  the  dead.  Can  we 
i  V  \  .  v-  .-iv.iilv^^zY  to  the  heavens,  and  if  we  can,  which  of  the  objects 
\   .  .V  ..>  ,"^:v  tv*  Iv  reixanleil  as  in  their  infancy,  and  which  of  them 

\x  ,^  ,•  .s.-,l  lu.*',*  dissolution? 

AV      Fuuddauental   Principles  of   a  Bational    Cosmogony.  —  In 

.  .  .  v^v  .  -:.i:o  v^t*  >eienci»  many  of  the  questions  thus  suggested 
>,>.  _*  Vv  o;vlo>>Iy  beyond  the  reach  of  investigation,  while 
o  .—X  t  '  V.;.  -.'xe  pivblenis  which  time  and  patient  work  will 
^'.,.  i  .  -/'^-.^  \e:  have  already  received  clear  and  decided 
,    x«,  ^       I  .    .4   ^loueral  wav  it  mav  l>e  said  that  the  condenscUion 

'*    '\u\fini   masses  of  matter  wider  the  force  of 
'.    A  .  ••>•.•«   into  heat  of  the  {potential)  ^^  energy  of 
V  \jt\-i  :;  r'«'  pnxess  of  condensation;  the  effect  of  this 
>.    •    '  r:^r  .'  wiicc.s*  itself  atid  the  radiation  of  energy  into 
''..::  l»»dit's  as  waves  of  light  and  heat^ — these 
-  >  X  ^v^   ..ill  nearly  all  the  explanations  that  can  thus  far  be 
^  X,  '  x^    .   ,  ,  AXi'.:  stale  o(  the  heavenly  bodies. 
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907.  The  Planetary  System.  —  We  sec  that  our  planetary  system 
is  not  a  mere  accidental  aggregation  of  bodies.  Masses  of  matter 
coming  hap-hazanl  towards  the  sun  would  move,  as  comets  do,  in 
orbitH,  always  conic  sections  to  l>e  snre,  but  of  every  degree  of  eccen- 
tricity and  inclination.  There  are  a  multitude  of  relations  actually 
observed  in  the  planetary  system  which  arc  wholly  independent  of 
triavitation  and  demand  an  explanation. 

1 .  The  orbits  arc  all  nearly  circular. 

2.  They  are  all  nearly  in  one  plane  (excepting  the  cases  of  some 
of  the  little  asteroids). 

.'L    The  revolution  of  all  is  »n  the  najne  directUtn, 

4.  There  is  a  curiously  retjular  progresHum  of  distances  (expressed 
l»y  Bode's  law,  which,  however,  breaks  down  at  Neptune). 

.').  There  is  a  roughly  regular  j^^ogression  of  density y  increasing 
iKjth  ways  from  Saturn,  the  least  dense  of  all  the  planets  in  the 
svstem. 

As  regards  the  planets  themselves,  we  have 

('>.  The  plane  of  the  planets'  rotation  nearly  coinciding  with  that  of 
tho  (trhit  (probably  exc»epting  Uranus). 

7.  The  direction  of  the  rotation  the  same  as  that  of  the  orbital 
revolution  (excepting  proljabl}'  Uranus  and  Neptune). 

H.  'V\\^  phiue  of  orbital  revolution  of  the  satellites  coinciding  nearly 
with  that  of  the  planet's  rotation. 

\K  The  direct  ion  of  the  satellites*  revolution  also  coinciding  with 
that  of  the  )tlanet\s  rotation. 

10.    Tiie  largest  planets  rotate  most  swiftly. 

908.  Origin  of  the  Hebnlar  Hypotheeis.  —  Now  this  is  evidently  a 

;;o()d  arran^t'iiit'ut  for  a  planetary  system,  and  therefore  some  have  infern»<i 
that  th<'  \)i'\\\  mmlf  it  so,  jx'rfect  from  the  first.  But  to  one  who  consid<»rs 
ih»*  way  ill  wliich  t»ther  jx»rf«vt  works  of  nature  usually  come  to  their  perfec- 
tion -  -  tlnir  j>rooi*sses  of  j;rowth  and  development  —  tliis  explanation  seems 
iiiiprol)al>lc.  It  ap(>ears  far  more  likely  that  the  planetary  system  yrtw  than 
that  it  \v:is  built  outright. 

Thuf  <lit!«Tt'Mt  philosophers  in  the  last  r»*ntury,  SwtMenlJorg,  Kant,  and 
La  riaof  ((Uily  one  iA  X\w\\\  an  astninomer),  indt'i»endently  pni|¥>s»»d  essen- 
tially tht'  saint?  hyi>otlH'sis  to  account  for  the  system  as  we  now  know  it. 
La  riar(>*>  thtory,  as  might  hav<*  \h\*\\  expected  from  his  mathematical  and 
>('i<'ntiti(*  attainments,  was  the  mo^t  ean>fullv  and  reasonablv  worked  out  in 
«l«'tail.  It  was  formulated  K'fore  the  discovery  of  the  gn»at  principle  of  the 
**r<>nv»Tsation  of  energy,"  and  l>efore  the  mechanical  e<iuivalence  of  h«»at 
aii<i  ntlicr  forin>  of  energy  was  known,  so  that  iu  some  respects  it  is  defeo- 


516  OOSMOGONY. 

live,  and  even  certainly  wrong.  In  its  main  idea»  however,  that  the  solar 
system  once  existed  as  a  nebulous  mass  and  has  reached  its  present  state  as 
the  result  of  a  series  of  purely  physical  processes,  it  seems  certain  to  prove 
correct,  and  it  forms  the  foundation  of  all  the  current  speculations  upon  the 
subject. 

909.  La  Place's  Theory. — (a)  He  supposed  that  at  some  past  time, 
which  may  be  taken  as  the  starting-point  of  our  system's  history 
(though  it  is  not  to  be  considered  as  the  beginning  of  the  existence  qf 
the  substance  of  which  our  system  is  composed),  the  matter  now  col- 
lected in  the  sun  and  planets  was  in  the  form  of  a  nebula, 

(b)  This  nebula  was  a  doud  of  intensely  heated  gas^  perhaps  hotter, 
as  he  supposed,  than  the  sun  is  now. 

(c)  This  nebula  under  the  action  of  its  own  gravitation,  assumed 
an  approximately  globular  form  with  a  rotation  aroand  an  axis.  As 
to  this  movement  of  rotation,  it  appears  to  be  necessary  to  accoant 
for  it  by  supposiug  that  the  different  portions  of  the  nebula,  before 
the  time  which  has  been  taken  as  the  starting-point,  had  motions  of 
their  own.  Then,  unless  these  motions  happened  to  be  balanced  in  the 
most  perfect  and  improbable  manner,  a  motion  of  rotation  would  set 
in  of  itself  as  the  nebula  contracted,  Just  as  water  whirls  in  a  basin 
when  drawn  off  by  an  orifice  in  the  bottom.  The  velocity  of  this  rota- 
tion would  become  continually  swifter  as  the  volome  of  the  nebula 
diminished,  the  so-called  ^^  moment  of  momentum  "  renudniog  neces- 
sarily unchanged. 

910.  {d)  In  consequence  of  this  rotation,  the  mass,  Itygt^iy^  of 
remaining  spherical,  would  become  much  flattened  at  the  poles,  and  as 
tlie  rotation  went  on  and  the  motion  became  accelerated,  the  time 
would  come  when  the  centrifugal  force  at  the  equator  of  the  neb- 
ula would  become  equal  to  gravity,  and  '^  rings  of  nebulous  matter" 
would  be  abandoned  (not  tlirown  off) ,  resembling  the  rings  of  Satnniy 
which,  indeed,  suggested  this  feature  of  the  theory. 

(e)  A  ring  would  revolve  for  a  while  as  a  whole,  but  in  time  would 
breaks  aud  the  material  would  collect  into  a  single  globe.  La  Place  sup- 
posed that  the  ring  would  revolve  as  if  it  were  solid,  the  outer  edge, 
therefore,  moving  more  swiftly  than  the  inner.  If  this  were  SO9  the 
mass  formed  from  the  collection  of  the  matter  of  the  ruptured  ring 
would  yiecessarily  rotate  in  the  same  direction  as  the  ring  had  revolved. 

(/)  The  planet  thus  formed  would  continue  to  revolve  around  the 
central  mass,  and  might  itself  in  turn  abandon  rings  whidi  miglil 
break,  aud  so  furnish  it  with  a  retinue  of  satellites. 
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911.  It  is  obvious  that  this  theory  meets  eomplctc*ly  most  of  the 
conditions  of  the  problem.  It  explains  every  one  of  the  facts  Just 
mentioned  as  demanding  explanation  in  the  solar  system.  Indeed,  it 
explains  them  almost  too  well ;  for  as  the  theory  stands  it  meets  a 
most  serious  difficulty  in  the  €xcej)tional  cases  of  the  planetary  system, 
such  as  the  anomalous  and  retrograde  revolutions  of  the  satellites  of 
Uranus  and  Neptune.  Another  difficulty  lies  in  the  swift  revolution 
of  Phobos  (Art.  TiSl^^  the  inner  satellite  of  Mars.  According  to  the 
unmodified  nebular  hypothesis,  no  planet  or  satellite  could  have  a 
time  of  revolution  less  than  the  time  of  rotation  which  the  central 
body  would  have,  if  expanded  until  its  radius  becomes  equal  to  the 
radius  of  the  satellite's  orbit ;  still  less  could  it  have  a  period  shorter 
than  the  central  IkkIv  notr  has. 

912.  Hecessary  Modifications.  —  The  principal  modifications  which 
seem  essential  to  tlie  theory  in  the  light  of  our  present  knowledge,  are 
the  following.  (The  small  letters  indicate  the  articles  of  the  original 
theory  to  which  reference  is  made.) 

(6)  It  is  not  probable  that  the  original  nebula  could  have  been  at  a 
temjyerature  even  nearly  as  high  as  the  present  temperature  of  the 
sun.  The  process  of  condensation  of  a  gaseous  cloud  fh>m  loss  of 
heat  by  radiation,  would  cause  the  temperature  to  riiie^  according  to 
the  remarkable  and  almost  paradoxical  law  of  I^ne  (Art.  357), 
until  the  mass  liad  begun  to  liquefy  or  solidify.  And  it  appears  prob- 
able that  the  original  nebula,  instead  of  being  purely  (jaseous^  was 
ratlier  a  doud  of  dust  tlian  a  *^  fire-miM"  ;  i.e.,  that  it  was  made  up  of 
finely  divided  particles  of  solid  or  liquid  matter,  each  |)article  envel- 
oped in  a  mantle  of  {permanent  gas.  Such  a  nebula  in  condensing 
would  rfse  in  tomi)erature  at  first  as  if  purely  gaseous,  so  that  its  cen- 
tral mass  after  a  time  would  reach  the  solar  stage  of  temperature,  the 
solid  and  liquid  paiticles  melting  and  vaporizing  as  the  mass  grem 
hotter.  At  a  subsequent  stage,  when  yet  more  of  the  original  energy 
of  the  mass  had  been  dissipated  by  radiation,  the  temperature  of  the 
IkxHcs  which  were  formed  from  and  within  the  nebula  would  fall  again. 

Aud  yet  La  Place  maif  have  l»een  right  in  ascribing  a  high  temperature  to 
the  original  nebula.  If  that  were  really  the  caae,  the  only  difference  would 
l>e  that  the  nebula  would  lie  longer  in  reaching  the  condition  of  a  Holar 
system ;  but  it  is  not  nfcessart/^  as  he  suppoMHl,  to  assume  that  the  original 
temperature  wa8  high,  and  that  the  matter  was  originally  in  a  purely  gaseoos 
condition,  in  order  to  account  for  the  present  existence  of  such  a  group  of 
bodies  lis  the  incandescent  sun  and  its  cool  attendant  plaueta. 
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913.  {(l)  As  regards  the  manner  in  which  the  planetary  bodies 
were  probably  liberated  from  the  parent  mass,  it  seems  to  be  very 
doubtful  whether  the  matter  accumulated  at  the  equator  of  the  rotat- 
ing mass  would  usually  separate  itself  as  a  ring.  If  a  plastic  mass 
in  swift  rotation  is  not  absolutely  homc^eneous  and  symmetrical,  it 
is  more  likely  to  become  distorted  by  a  lump  formed  somewhere  on 
its  equator,  which  lump  may  be  finally  detached  and  circulate  around 
its  primary.  The  formation  of  a  ring^  though  possible,  would  seem 
likely  to  be  only  a  rare  occurrence. 

La  Place  seems  to  have  believed  also  that  the  outer  rings  most 
necessarily  have  l>een  abandoned  first,  and  the  others  in  regular  suc- 
cession, so  tliat  the  outer  planets  are  much  the  older.  It  seems,  how- 
ever, quite  possible,  and  even  probable,  that  several  of  the  planets 
may  be  of  about  the  same  age,  more  than  one  ring  having,  been 
liberated  at  the  same  time ;  or  sevei*al  planets  having  been  formed 
from  different  zones  of  the  same  ring. 

(e)  In  the  case  where  a  ring  was  formed,  it  is  practically  certain 
that  it  could  not  have  revolved  as  a  solid  sheet;  i.e.,  with  the  same 
angular  velocity  for  all  the  particles,  and  with  the  outer  portions, 
therefore,  moving  more  swiftly  than  the  inner.  If,  for  instance,  the 
matter  which  now  constitutes  the  earth  were  ever  distributed  to  form 
a  ring  occupying  anything  like  half  the  distance  from  Venus  to  Mars, 
it  must  have  been  of  a  tenuity  comparable  only  to  that  of  a  comet. 
The  separate  particles  of  such  a  ring  could  have  had  very  little  con- 
trol over  cncli  other,  and  must  liave  moved  substantially  as  independ- 
ent bodies;  the  outer  ones,  like  remoter  planets,  making  their  cir- 
cuits in  longer  periods  and  moving  more  slowly  than  those  near  the 
inner  edge  of  the  ring. 

914.  Explanation  of  the  Anomalons  Botation  of  Vranns  and  Vep- 
tune.  —  When  the  matter  of  nuch  a  ring  concentrates  into  a  single 
mass,  the  direction  of  the  rotation  of  the  resultant  planet  depends  upon 
the  manner  in  which  the  matter  was  originally  distributed  in  the  ring. 
If  the  ring  be  nearly  of  the  same  density  thronghont,  the  resulting 
planet  (which  would  be  formed  at  about  the  middle  of  the  ring's 
width)  must  liave  a  retrognuh*  rotation  like  Uranns  and  Neptune. 
But  if  tlie  particles  of  the  ring  are  more  closely  packed  near  its 
inner  edge,  so  tiiat  the  resultant  planet  would  be  formed  mnch  with- 
in the  middle  of  its  widtli,  its  axial  rotation  must  be  direct.  In  the 
first  case,  illustrated  in  Fig.  233  (a),  the  particles  near  the  taner  edge 
of  the  rintj  would  control  the  rotation,  having  a  greater  moment  of 
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rotation  with  respect  to  Jf,  where  the  plauet  'i»  supposed  to  be  formed, 
than  those  at  the  outer  edge.  The  rotation,  therefore,  will  be 
retrograde^  on  account  of  their  greater  velocity. 

In  the  other  case,  Fig.  233  (6),  where  the  inner  edge  of  the  ring 
18  densest,  and  the  planet  is  formed  as  at  N^  much  nearer  the  inner 
tliau  the  outer  edge  of  the  ring,  the  aggregate  moment  of  rotation 


Fiu.  '2:t3.  —  UotMtion  of  i'laneU  forrottl  from  King*  accurUing  to  th«  NebuUr  IIypotbc«ls. 


with  respect  to  .V  is  greater  for  the  particles  beyond  X  (l)ecause  of 
their  greater  distance  from  it)  than  that  of  the  swifYer  moving  parti- 
cles within,  and  this  determines  a  direct  rotation. 

The  fact  that  the  satellites  of  Uranus  and  Neptune  revolve  back- 
wards is  not,  therefore,  at  all  a  bar  to  the  acceptance  of  the  nebular 
hyi)otliesis,  as  sometimes  represented.  If  a  new  planet  should  ever 
)h'  discovered  outside  of  Neptune  it  is  altogether  probable  tliat  its 
satellites  would  be  found  to  retrograde. 

This  is  not  th*>  only  way  in  which  the  retro^i^de  n>tati(>n  of  the  outer 
planets  may  1k»  acvount^d  for.  There  an^  a  nuniWr  of  other  p08sihl<* 
assumptions  a.-<  to  the  constitution  of  the  mass  thrown  off  from  the  parent 
nebula,  and  tlie  manner  in  which  its  piirticlt*H  ultimately  coalesce  to  fonu  a 
planet,  which  lead  to  a  similar  n*8ult. 

915.  Faye  has  re<*ently  pro|M>unde<l  a  mcKlitication  of  the  nebular  hypoth> 
esi^  wliicii  niak«>s  the  planetjiof  the  **  terrestrial  group'*  (Mervur}*,  Veuus,  the 
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Earth,  and  Mars)  older  than  the  outer  ones.  He  suppose!  thmt  tiie  plaiMte 
were  formed  by  local  condensations  (not  by  the  formation  of  liugs)  wiikm 
the  revolving  nebula.  At  first,  before  the  nebula  was  much  oondensed  at  the 
centre,  the  inward  attraction  would  be  at  any  point  directly  propoirtumal  U 
(he  distance  of  thai  point  from  the  centre  of  grcmity  of  the  nebula ;  Le,^  th4 
force  could  be  expressed  by  the  equation  F=  ar.  After  the  oondensation 
has  gone  so  far  that  practically  almost  the  whole  of  the  matter  is  ooUected 
at  the  centre  of  the  nebula,  the  force  is  inversely  proportional  to  the  sq%iare  of 
the  distance, — the  ordinary  law  of  gravitation. 

I.e.,  ^=::i- 

At  any  intermediate  time,  during  the  gradual  condensation  of  the  nebula, 
the  intensity  of  the  central  force  will,  therefore,  be  given  by  an  eipraMioii 
having  the  form 

r  being  the  distance  of  the  body  acted  upon  from  the  centie  of  gravity  of 
the  nebula,  while  a  and  h  are  coefficients  which  depend  upon  its  age ;  a  con- 
tinually decreasuig  as  the  nebula  grows  older,  while  h  incroanoa.  The  planets 
formed  within  the  nebula  when  it  was  young,  t.«.,  when  a  was  large  uid  h 
was  small,  would  have  direct  rotation  upon  their  axes,  while  those  formed 
after  a  had  sensibly  vanished  would  have  a  retrograde  rotation;  and- this  be 
supposes  to  be  the  case  with  Uranus  and  Neptune,  which  he  considers 
younger  than  the  inner  planets.  Faye*s  work  "  L*  Origine  du  Monde,**  1885, 
contains  an  excellent  summary  of  the  views  and  theories  of  the  di&rent 
astronomers  who  have  speculated  upon  the  cosmogony. 

916.  Tidal  Evolution.  —  Within  a  few  years  Prof.  6.  H.  Darwin 
(son  of  the  great  naturalist)  has  made  some  important  inveatigar 
tions  upon  the  effect  of  tidal  reaction  between  a  central  mass  and  a 
body  revolving  about  it,  both  of  them  being  supposed  to  be  of  snch 
a  nature  (/.e.,  not  absolutely  rigid)  ^  that  tides  can  be  raised  upon 
them  by  their  mutual  attraction.  We  have  already  alluded  to  the 
subject  in  connection  with  the  tides  (Art.  484).  He  finds  in  thiS' 
reaction  an  explanation  of  many  puzzling  facts.  It  appears,  fbr 
instance,  that  if  a  planet  and  its  satellite  have  ever  had  their  times  of 
rotation  of  the  same  length  as  the  time  of  thehr  orbital  revolation 
around  their  common  centre  of  gravity,  then,  starting  firom  ttal 
time,  either  of  two  things  might  happen, — the  satellite  mi^t  begfai 
to  recede  from  the  planet,  or  it  might  fall  back  to  the  central  maaa. 
The  condition  is  one  of  unstable  equilibrium,  and  the  alighteat  canae 
might  determine  the  subsequent  course  of  things  in  ddier  of  tlw 
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two  oppoeite  directions.  Wheuever  the  time  of  rotation  of  the 
planet  is  shorter  than  the  orbital  period  of  the  satellite  (as  it  would 
naturally  become  by  condensation  continuing  after  the  separation  of  the 
satellite),  the  tendency  would  be,  as  explained  in  Article  484,  slightly 
to  accelerate  the  satellite,  and  so  to  cause  it  continually  to  recede 
by  an  action  the  reverse  of  that  produced  by  the  hypothetical  resist- 
ing medium  which  is  supposed  to  disturb  £ncke*s  comet.  This,  it 
will  be  remembered,  is  thought  to  be  the  case  with  our  moon. 

917.  But  if  by  any  means  the  rotation  of  the  planet  were  retarded^ 
so  that  its  day  should  become  longer  than  the  period  of  the  satellite, 
the  tides  produced  by  the  satellite  upon  the  planet  will  then  retard 
the  motion  of  the  satellite  like  a  resisting  medium,  and  so  will  cause 
a  continual  shortening  of  its  period,  precisely  as  in  the  case  of 
Kncke's  comet.  If  nothing  intervenes,  this  action  will  in  time  bring 
down  the  satellite  upon  the  planet's  surface.  Now  in  the  case  of 
Mars  there  is  a  known  cause  operating  to  retard  its  rotation  (namely* 
the  tides  which  are  raised  bj*  the  9un  upon  the  planet),  and  those 
who  accept  the  theory  of  tidal  evolution  suggest  that  this  was  the 
cause  which  first  made  the  length  of  the  planet's  day  to  exceed  the 
period  of  the  satellite,  and  so  enabled  the  planet  to  establish  upon 
the  satellite  that  retardation  which  has  shortened  its  little  month, 
and  must  ultimately  bring  it  down  upon  the  planet. 

Processes  such  as  these  of  tidal  evolution  must  necessarily  be 
extremely  slow.  How  long  are  the  periods  involved,  no  one  can  yet 
estimate  with  any  precision,  but  it  is  certain  that  the  years  are  to  be 
counted  by  the  million. 

(Wo  have  already  referred  the  reader  (Art  484*)  to  the  la«t  chapter  of 
Bairs  **  Story  of  the  Heavens  "  as  oontaiuing  an  excellent  and  easily  under- 
stood explanation  of  this  subject.) 

918.  Conclniioni  derived  from  the  Theory  of  Heat.  —  As  IVofes- 
sor  Newcomb  has  said,  ''  Kant  and  La  Place  seem  to  have  arrived  at 
the  nebular  hypothesis  by  reasoning  forwards.  Modem  science  ob- 
tains a  similar  result  by  reasoning  backicanls  from  actions  which  we 
now  see  going  on  before  our  eyes." 

We  have  abundant  evidence  that  the  earth  was  once  at  a  much 
higher  temperature  than  now.  As  we  penetrate  below  the  surface 
we  find  the  tem|>oraturc  continually  rising  at  a  rate  of  about  1^  F. 
for  every  tifty  or  sixty  feet,  thus  indicating  that  at  the  depth  of  a 
few  miles  the  temperature  must  be  far  above  incandescence.     Now, 
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since  the  surface  temperature  is  so  much  lower,  ttns  implies  one  (or 
both)  of  two  thiugs,  —  either  that  heat-making  processes  are  going 
on  withiiji  the  earth  (which  may  be  true  to  some  extent) ,  or  else  that 
the  earth  has  been  mucli  hotter  than  it  now  is,  and  is  cooling  off,  — 
and  this  seems  to  be  a  most  probable  supposition.  It  is  Just  as 
reasonable,  as  Sir  W.  Tliomson  puts  it,  to  suppose  that  the  earth 
has  lately  been  intensely  heated  as  to  sup|)06e  that  a  warm  stone  that 
one  picks  up  in  the  field  has  been  lately  somewhere  in  the  fire. 

919.  Evidence  derived  from  the  Condition  of  the   Koon   and 

Planets.  —  In  the  case  of  the  moon  we  find  a  body  bearing  upon  its 
surface  all  the  marks  of  past  igneous  action,  but  now  in  appearanoe 
intensely  cold.  The  planets,  so  far  as  we  can  Judge  from  what  we 
can  see  through  the  tclesco|>e,  corroborate  the  same  conclusion. 
Their  testimony  is  not  very  strong,  but  it  is  at  least  tme  that  nothing 
in  the  aspect  of  any  of  them  militates  against  the  view  that  they  also 
arc  l>odics  cooling  like  the  earth ;  and  in  the  cases  of  Jnpiter  and 
Saturn  many  phenomena  go  to  show  that  they  are  still  (or  at  least 
notv)  at  a  high  temperature,  —  as  might  be  expected  of  bodies  of 
such  an  enormous  mass,  which,  necessarily,  other  things  being  eqaal, 
would  cool  much  more  slowly  than  smaller  globes  like  the  earth. 

The  ratio  of  surface  to  mass  is  smaller  as  the  diameter  of  a  globe  grows 
larger,  and  uix)n  this  ratio  the  rate  of  cooling  of  a  body  largely  depends.  Tn 
short,  everything  we  can  ascertain  from  the  observation  of  the  planets  agrees 
completely  with  the  idea  that  they  have  come  to  their  present  condition  by 
cooling  down  from  a  molten  or  even  gaseous  state, 

920.  The  Sun's  Testimony.  —  In  the  sun  we  have  a  body  steadily 
pouring  fortli  an  absolutely  inconceivable  amount  of  heat,  without 
any  visible  source  of  supply.  Thus  far  the  only  reasonable  hypoth- 
esis to  account  for  this,  and  for  a  multitude  of  other  phenomena  which 
it  shows  us,  is  the  one  which  makes  it  a  great  cloud-mantled  ball 
of  incandescent  gasos,  slowly  shrinking  under  its  own  central  gravity, 
converting  continually  a  portion  of  its  ^'potential  eneigyof  position*'' 
into  the  linctic-energy  of  heat,  which  at  present  is  mainly  radiated  off 
into  space. 

1  By  "potential  energy  of  position  "  is  meant  the  energy  due  to  the  separated 
condition  of  its  particles  from  each  other.  As  they  fall  together  and  towards 
the  centre  in  the  shrinkaf^c  of  the  sun,  they  "do  work"  in  ^ccisely  the  same 

way  as  any  falling  weight. 
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We  say  mainly,  because  it  is  not  imiK)ssible  that  the  sun's  temperature  is 
even  yet  slowly  rising,  and  that  the  maximum  has  not  yet  been  reached. 
We  are  not  sure  whether  all  the  heat  produced  by  the  sun*s  annual  shrinkage 
is  radiated  into  spacts  or  whether  a  portion  is  retained  within  its  mass,  thus 
raising  its  teiii[K>rature;  or  whether,  again,  it  radiates  more  than  the  amount 
thus  generated,  so  that  its  temperature  is  slowly  diminishing. 

921-  That  the  sun  is  really  shrinking  is  admittedly  only  an  inference, 
ii\v  the  shrinkage  must  1)0  far  ten)  slow  for  direct  observation.  Our  case  is 
like  that  of  a  man  who,  to  use  one  of  Professor  Newcomb*s  illustrations, 
when  he  comes  into  a  nxim  and  finds  a  clock  in  motion,  concludes  that  the 
el(K*k-weight  is  descending,  even  though  its  motion  is  too  slow  to  be  observed. 
Knowing  the  construction  of  the  clock  and  the  arrangement  of  its  geariog, 
and  the  nunil>er  of  ttH.*th  in  each  of  itn  different  wheels,  he  states  confidently 
just  how  many  thousandths  of  an  inch  the  weight  sinks  at  each  vibration  of 
the  iMMuiuhim  ;  an<l  looking  into  the  clock-case  and  measuring  the  lengtli  of 
the  space  in  which  the  weight  can  move,  and  noting  its  present  place,  he 
proceeds  to  state  how  long  ago  the  clock  was  wound  up.  and  how  long  it  has 
yet  to  run.  We  must  not  push  the  analogy  too  far,  but  it  is  in  some  such 
way  tliat  we  eoiiehide  frou)  our  measurements  of  the  sun*s  annual  output  of 
energy  in  the  form  of  heat,  how  fast  it  is  shrinking,  and  we  find  that  its 
diameter  must  diminish  not  far  from  250  feet  in  a  year:  at  least,  the  loss  of 
potential  energy  corre8{>onding  to  that  amount  of  shrinkage  would  account 
for  one  year's  running  of  the  solar  mechanism. 

922.  Age  of  the  Solar  STstem.  —  Looking  backward,  then,  in 
imagination  we  see  the  sun  growing  continually  larger  through  the 
reversed  eoiirse  of  time,  expanding  aud  becoming  ever  lest*  and  lc88 
dense,  until  :it  some  epoch  in  the  past  it  f!lle<l  all  the  space  now 
included  within  the  largest  orbit  of  the  solar  system. 

How  long  ago  tlmt  was  no  one  can  say  with  certainty.  If  we  could 
asHume  that  the  amount  of  |)Oteutial  energy  lost  by  coDtraction,  con- 
verti'd  into  the  actual  energy  of  heat  and  radiated  into  space,  has  been 
the  sanu*  each  year  through  ail  the  intervening  ages,  and  moreover, 
that  (///  the  heat  nuliated  has  come  from  this  source  only^  without  sub- 
sidy from  any  original  store  of  heat  contained  in  an  original  ^^  fire 
mist/*  or  from  energy  derived  from  outside  sources,  then  it  is  not  dif- 
tieult  to  conclude  that  the  sun's  past  history  must  cover  some  15,000000 
or  2()JMK)000  years. 

Hut  the  assumption  that  the  loss  of  heat  has  been  even  nearly  uni- 
form is  extremely  improbable,  considering  how  high  the  present  tem- 
perature of  the  sun  nuist  be  as  compare<l  with  that  of  the  original 
nebula.  an<l  how  the  ratio  of  surface  to  solid  content  has  increased 
with  llie  lessening  diameter. 
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Nor  is  it  unlikely  thai  the  sun  may  have  received  energy  from  other 
sources  than  its  own  contraction.  Altogether  it  would  seem  that  we 
must  consider  the  15,000000  years  to  be  the  least  possible  value  of  a 
duration  which  may  have  been  many  times  more  extended.  K  the 
nebular  hypothesis  and  the  theory  of  the  solar  contraction  be  tme, 
the  sun  must  be  as  old  as  tliat,  —  how  much  older  no  one  can  tell. 

923.  Future  Prospects.  —  Looking  forward  toward  the  future,  it 
is  easy  to  conclude  also  that  at  its  present  rate  of  radiation  and  con- 
traction the  sun  must,  within  5,000000  or  10,000000  years,  become  ao 
dense  that  the  conditions  of  its  constitution  will  be  radically  changed, 
and  to  such  an  extent  that  life  on  the  earth,  as  we  now  know  life,  would 
probably  be  impossible.  If  nothing  intervenes  to  reverse  the  course 
of  thiugs,  the  sun  must  at  last  solidify  and  become  a  daric,  rigid 
globe,  frozen  and  lifeless  among  its  lifeless  family  of  planets.  At 
least,  this  is  the  necessary  consequence  of  what  now  seems  to  science 
to  be  the  true  account  of  its  present  activity  and  the  story  of  its  life. 

924.  Stan,  Star-Clusters,  and  the  HebulsB. — It  is  obvious  that  the 
same  nebular  hypothesis  applies  satisfactorily  to  the  explanation  of 
the  relation  of  these  different  classes  of  bodies  to  each  other.  In  fact, 
Herschcl,  appealing  only  to  the  law  of  continuity,  had  concluded  before 
La  Place  formulated  his  theor}',  that  nebulfie  develop  sometimes  into 
clusters,  sometimes  into  double  or  multiple  stars,  and  sometimes  into 
single  ones.  He  showed  the  existence  in  the  sky  of  all  the  interme- 
diate forms  between  the  nebula  and  the  finished  star.  For  a  time, 
al)out  the  middle  of  our  century,  while  it  was  generally  supposed  that 
all  nebulae  were  nothing  but  star-clusters,  too  remote  to  be  resolved  by 
existing  telescopes,  his  views  fell  rather  into  abeyance ;  but  when  the 
spectroscope  demonstrated  the  substantial  differences  between  the 
gaseous  nebula}  and  the  star-clusters,  they  regained  acceptance  in 
their  essential  features  ;  with  i>erhaps  the  reservation,  that  msny  are 
disposed  to  believe  that  the  rarest  even  of  nebulous  matter,  instead 
of  being  purely  gaseous,  is  full  of  solid  and  liquid  particles  like  a 
cloud  of  fog  or  smoke. 

925.  The  Present  System  not  EtemaL  —  One  lesson  aeema  to 
stand  out  clearly,  —  that  the  present  system  of  stars  and  worlds  is 
not  an  eternal  one.  We  have  before  us  irrefragable  evidence  of 
continuous,  uncompensated  progress,  inexorable  in  one  direction. 
The  hot  bodies  are  losing  their  heat,  and  distributing  it  to  the  cold 
ones,  so  that  there  is  a  steady,  unremitting  tendency  towards  a 
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UDiform  (aud  therefore  useless)  temperature  throughout  the  uui- 
verhe  :  for  heat  does  work^  aud  is  available  as  energy  only  tchen  it 
can  pass  from  hotter  to  cooler  bodies y  so  that  this  warming  up  of 
cu[>ler  bodies  at  the  expense  of  hotter  ones  always  involves  a  loss, 
not  of  energy  (for  tliat  is  indestructible),  but  of  available  energy. 
To  use  the  technical  language  now  usually  employed,  energy  is 
unceasingly  *'''  dissipated''  by  the  processes  which  maintain  the 
present  life  of  the  universe ;  and  this  dissipation  of  energy  can 
have  but  one  ultimate  result,  —  that  of  absolute  stagnation  when  a 
uniform  temperature  has  l)een  everywhere  attained.  If  we  carry  our 
imagination  backwards  we  reach  at  last  a  ^^  beginning  of  things," 
which  has  no  intelligible  antecedent :  if  forwards,  an  end  of  things  in 
stagnation.  That  by  some  process  or  other  this  end  of  things  will 
result  in  ''  new  heavens  and  a  new  earth  "  we  can  hardlv  doubt, 
but  science  has  as  yet  no  word  of  explanation. 
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THE  GREEK   ALPHABET. 


LMten. 

Name. 

Letteri. 

Naim. 

LettOTB. 

Kmm. 

A,  o, 

Alpha. 

I,i, 

Iota. 

P»P^ 

Rho. 

B,  ^, 

Beta. 

K,  ic, 

Kappa. 

2,  <rs, 

Sigma. 

r,  r, 

Gamma. 

A,X, 

Lambda. 

T,r, 

Tau. 

A,  8, 

Delta. 

M,  /*, 

Ma. 

Y,  V, 

UpeiloD. 

E,  t. 

flpsiloD. 

N,  V, 

Nu. 

♦,  *, 

Phi. 

z,  {, 

Zeta. 

E,^ 

Xi. 

X,  xt 

Chi. 

H,  ,, 

Eta. 

0,0, 

Omicron. 

♦,  ^, 

Psi. 

0,  e  't. 

Theta. 

n,  IT  0, 

Pi. 

0,  », 

Omq^. 

MISCELLANEOUS   SYMBOLS. 


6  ,  Conjunction, 
a ,  Quacbature. 
^  ,  Op|)OKition. 
Ji,  Ascending  Node. 
15 1  Descending  Node. 


A.R.,  or  a,  Right  AscensioD. 
Decl.,  or  S,  Declination. 
X,  Longitude  (Celestial). 
P,  Latitude  (Celestial). 
^,  Latitude  (Terrestrial). 


u>,  Angle  between  line  of  nodes  and  line  of  apsides. 


DIMENSIONS   OF  TERRESTRIAL  SPHEROID. 

(According  to  Clarke's  Spheroid  of  1878.    For  the  spheroid  of  1806,  see  Art.  145.) 

Equatorial  semidiameter,  — 

20  926  202  feet  =  3963.296  miles  =  6  378  801  metres. 

Polar  semidiamett  r, — 

20  Hi)i  89:1  feet  =  39:)().738  miles  =  6  356  515  metres. 

Ellipticity,  or  Polar  Compression,  ^^. 


Length  (in  metres)  of  1*  of  meridian  in  lat.  ^  =  111  132.09  -  556.05 
cos  2  <^  -f  1 .  20  cos  4  if>, 

I>ength  (in  metres)  of  1  "^  of  parallel,  in  lat.  ^=111  415.10  ooe^  — 
94.54  cos3</>. 
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1^  of  lat.  at       pole  =  111  699.3  metres  =  69.407  miles, 
r  of  lat.  at  equator  =  110  567.2  metres  =  68.704  miles. 

These  formulae  correspond  to  the  Clarke  Spheroid  of  1866,  used  by 
the  U.S.  Coast  and  Geodetic  Survey. 


TIME  CONSTANTS. 

The  sidereal  day       =  23*»  oG"*  4'.090  of  mean  solar  time. 
The  mean  solar  day  =  24**  3"  56*.556  of  sidereal  time. 

To  reduce  a  time-interval  expressed  in  units  of  mean  solar  time  to 
vnits  of  sidereal  thne,  multiply  by  1.00273791 ;  Log.  of  0.00273791 
=  [7.4374191]. 

To  reduce  a  time-inter\'al  expressed  in  units  of  gidereai  time  to 
units  of  mean  solar  time,  multiply  by  0.99726957  =  (1  —  0.00278043)  ; 
Log.  0.00273043=  [7.4362316]. 

Tropical  year  (Levcrrier,  reduced  to  1900),  365''  5*»  48»  45*.51. 
8i<lereal  year  ''  ''  **       365    6      9        8.97. 

Anomalistic  vear    *•  *•  *'       365    6    13      48.09. 

Mean  synodieal  month  (new  moon  to  new),  29*  12^  44"  2'.684. 

Sidereal  month, 27     7  43   11.545. 

Tropical  month  (equinox  to  equinox),  .27  7  43  4.68. 
Anomalistic  month  (perigee  to  perigee),  .  27  13  18  37.44. 
Nodical  month  (node  to  no<le),  .         .         .  27     5     5     85.81. 


Obliquity  of  the  ecliptic (Leverriei),  23*'27'08".0  -  0''.4757(r 
Constant  of  precession  (Struve) ,  50".264  +  0".000227  {t 
Constant  of  nutation  (Peters),  9". 223. 

Constant  of  aberration  (Nyr^n),      20".492. 
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TABLE  n.-THE  SATELLITES 


Name. 


Moon 


Diflcoyery. 


DbLlnEqua. 
torUlKadU 
of  Planet. 


IHtUnoeln 
Miles. 


SideiMl  Ptoriod. 


00.27085 


S88  840 


2i«l    Tli4»Blli^ 


I 


Phobos 
Deimo* 


.  I  Hall. 


41 


1877  I 


i« 


2.771 
6.921 


8ATELLZTB8  OF 


Til  asm  ifti.i 
Id    6   17     M.0 


8ATKI.LITE8  OF 


1 

lo 

Qalileo, 

1610 

6.933 

961000 

ldUliS7iiS8>.5 

o 

Kuropa    .... 

4« 

(4 

9.439 

416000 

8    IS    IS    42.1 

3 
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ff 

f4 
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7     S   42     S3.4 

4 
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<t 

•• 

26  486 

1107  000 

16    10   82     11.1 

BATELLITBB  OF 


1 

Mimaii      .... 

\V.  Hemcbel. 

1789 

3.11 

117  000 

28h87- 

fi>.7 

•2 

Enceladus    .     .    • 

4(                     « 

<« 

3.98 

167  000 

Id 

8   58 

6.S 

•^ 

'IVlhyii     .... 

J.  D.  Caasini, 

1684 

4.96 

180^ 

1 

21    18 

28.S 
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«i 

6.34 
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17   41 

S.S 

5  1  Rhea 

<(                     (< 
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771000 
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28  41 

28.2 
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21 

6  as 

8T.0 

8     Iai>etus    .... 

J.  IK  CuMini, 

1671 
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2225000 

79 

7   84 

17.1 

1     NumelesH 


I^HWOll, 


1846 


BATKLUTV8  OF 


1  1   .\rlcl 
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120000 

2dl2li2Bn21*.l 
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.J        11    t>  -1  ^    i  Inc.  of  Orbit '    Inc.  to  Plmae  of      Kcoen- 
Hynoilic  IVrtod.       ^^  EcllpUc.        PUnef.  Orbit.    ,  irlclty. 


^f 


'£ltd  I2h  44»    2».7  ;     5 '    08'    40' 


0.06401 


g±      MaM  ill 

§  PI    .  Temis  of 

2  c      rriroary. 


'il(U 


K^'iiuu  k». 


Specific  gravity 
8.44. 


MAUri. 


•M      17 '.2 
25      47.2 


28^ 

28^  -^ 


0 
U 


5? 


OrbiU  •ennibly 
coincident  with 
planet's  equator. 


.MPITKR. 


Id  IHh  2Hin  36«.V» 

'!> 

08' 

3" 

;t     13    17 

.'►3.7 

1 

38 

57 

7       3    5» 

35.tt 

1 

50 

53 

Irt     18      & 

6.9 

1 

57 

00 

SATIUN. 

I^otiK   of  .\ 

LHoend. 

'.'H 

HI' 

lo 

Node  of  orbiU 

4« 

on  *>cli|>ti( 

•    for 

•  • 

• 

l«MNt,  I•■.^ 

lu-  a,'i'. 

<• 

(.'•  itint* r  M 

il«>lliti<« 

II 

0         2500     .0UU01888  j 

The  dlameteni 
0      '  210U     .c)U002323  i  are  Kngvtmann'a. 

The  reat  of  the 
.0013     3&60     .00006M4  ,  daU    are     from 

!  Damolaeau. 
.0072     3M0     .00004348 1 


and  ring.)  27 


18 


38     49 

4.8 
31.6 


AUiut  27  .  " 

Inclination  uf  the  o 

5  inner  aatellitea  0 

to  plane  of  celea-  0 

tial  e<|oator  0 

-0^57 '43*  (1900)  o.trjw 


Hoor 

lluo? 

;  12U0? 

!  1500? 

I 

3500? 


0.1189       500? 

0.0290    aooo? 


? 
t 
T 
T 
T 


The  planes  of 
the  5  inner  orbila 
•rnslbiy  coincide 
with  tlM>  plane  of 
the  ri4ig. 


INacoTerrd  to* 
de|*endenU]r  by 
I.aMell. 


lUAM'S. 


I^)nK.  of  A»cend.    1*7       51' 

8*2'  09' 
NtKir  of  orbila  «>n  **  Inc.  to  «'«>leatlal 


piano  of  ecliptic 


equator  75    IH 

(1900). 


0 

,     500?| 

t 

1 
1 

0 

4<*0* 

« 

RetroffTade 

0 

1000? 

• 

u 

801)? 

« 

N  Kin  INK. 


Lonif.  Ai«*    No*le,  U:>       12* 
IM'  2:i'  ;  l'.«H'  .  34     48' 


120    06'   (1900) 


0 


20001 


Rcirofftade. 


532 


APPENDIX. 


I  I 


I— < 


"    or- 

C    X 

•    -X      |i 


c 
o 

cS 
H 


o 

=    X 

.•s  O 


'J 


o5 
o 

22 


•■w 


rl 


X 


i>-       r'- 


or 


■N 

X 

I- 


-M 


C 


?1 


s 

-* 

3 

s 

S 

r* 

1? 

f-4 

^^ 

t 

CO 

S 

o 

C5 

s 

2? 

C^        94        04  ^        ^        ^ 


»-i  "N        -^        M        54        G^ 


3 


O         "^         «— t 


c:      o 


91 


o  •; 


I,  -Li 


o 

^c 

vM 

^> 

I'. 

'"' 

w 

*" 

ri 

^H 

t—4 

1— I 

t' 

»c 

00 

3 

es 

1^ 

l^ 

<v^ 

1- 

r^- 

•.o 

'M 

O 

s 

O 
O 

s 

o 

^ 

,^ 

^ 

^^ 

i.O 

cc 

-^ 

X 

C 

§ 

s 

1- 

s 

ec 

>ki> 

»-•? 

3^ 

«N 

-M 

>lrf» 

» 

o 

f— • 

X 

M^« 

f— • 

O 

•  t 

"^ 

-^ 

t-o 

1.^ 

iT 

1-^  «-H 

Op  t-^ 

US       i-« 


X 


^        X 

X      o 


X 
X 


S     3 


X 

o 

_  ,  ,  -  • 


r.  t>.  ^ 

r«  f^  ^ 

g  s  ;» 

S  ?  ©4 


O 

c 


S 

3 

* 


X 
04 


X 


s  s 


?1 

I? 

X 


X 


;s      o      '■'? 


§ 

O        CQ        CO 
»^        CO        CQ 


1^      t—      o      r*      »-i 
r-      c:      "^      O      O 


9K 


CC 


I    ^5 


•^      -r 


X       ?i 


X 


o 

X 
X 


3       ■— '      ^^      o      o 


I  I 


I- 


^ 

i^ 

-M 

5^1 

.^ 

'T 

».T 

O 

O 

f— • 

X 


I'- 

q 


1^ 


I 

o 


i 

04 

CC 


Q  X 

^  04 

»-•  l>- 

X  *♦ 

g  8 

•                     •                     ■  • 


04        ^        ^ 

•         • 
O       ^ 


O 


s 


•c      ;r      « 


^       O  X  00  t^ 

us      to  ^  «o  eo 

•               •  *  •  « 

l«-        rO  i-i  €N  O 

*-«  r-  r>»  r» 


1- 

Ti 

^#* 

2 

tf 

> 

• 

^■^ 

>^ 

^■■4 

H 

i 

»< 

X 

»^4 

^  ^ 

■  • 

x 

X 

X 

l~ 

X 

:r 

X 

X 

i2  CC 

■  • 

C  CI. 

X  X 


-C        >^        -N 
X        X        i-O 

X         X         X 


CC 


B 


X 

X 


2' 

CI 


f-4  kO 

»-•  04 

■ 

c  g 

(2  "^ 


X 
X 


X 

I 

s 


o 
$1S 


W 


■<»>: 


^         71 


X 


Ji<       —      r* 


S 


■ 

• 

• 

• 

• 

■ 

• 

m 
M 

■ 

■ 

• 

O 

• 

^ 

8 

< 

s 

1 

3  - 

a 

(K 

H 

Ph 

o 

a 

X 

o 

2 

;5 

9 

S 

APPENDIX. 


633 


TABLE    IV— STELLAH    PARALLAX. 


The  »ur-pl«rc^  arc  only  Approxliiute,  —  ■ufllclrnt  cner«*ly  for  ld«*ntltl cation.    Th«  parallaxes 
nr«>   iiionil)  fruiii   lluuzr.iii'n  "  Vadt*   Meriim,"  but  a  ffw  are   IncludtHl   from    laUT  antliorltlea. 


Name  OK  Star.        I      '^*'**0W»)''"*^*  i    Authority.        Date.         Method. 
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TABLE   VI.  — THE  PRINCIPAL  VARIABLE   STARS. 

A  aelecUon  from  8.  C.  Cbandler't  caUlogiM  of  225  TarUblea  (Aitronomicftl  Joumal,  S«pt. 
1888),  conUlnlng  turh  m  arc  rUlbto  to  the  naked  eye,  bare  a  range  of  rariatlon  exceeding  half 
a  maffoltude,  and  can  be  seen  In  the  United  States. 
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( Ail  r«*fcreDceH,  unUfM  vxproMly  ■taU'<l  to  tfae  contrnry.  are  to  nrtirirt  atHl  mit  to  page*.  | 


A. 


Aberration  of  Iii;ht,  annnal.O!), 'i'JI-'J^ii; 

iinihI  to  •Icirniiiiio  (lie  solar  parallax. 

\VM.  diurnal, irj»i*;  spherioal and chn»- 

iiiatic,  .'il*. 
AnoiL  Wkka,  «lis<*overer  of  the  lunar 

variatiiiri.  Vu. 
Absolute  scale  of  .stellar  maj^iitwle,  HID. 
Acceleration  of  Kneke's  comet,  71U;  of 

Wiiiiifokc's  coiiii't,  711;  of  the  nun'H 

niuator,  •i.s.'i--jV>;  siN'ular,  of  UKMm'H 

incau    motion,    -kV.Miil;    8«><'ular,    (»f 

nKNin's    mean   motion  :ts  aifot'ttMl  by 

m»*t«'ors,  TTs. 
Achromatic  ol»jt>i-t  ulassi's  fortt'Ies4'0]H\s, 

41. 
Actinometer  of  Violl(«,  :ui. 
AnvM**,  •'.  »'..  tin*  tlisfovt»ry  of  Nrptuni*. 

u'»t;   lllv<>>(i^atilln  of  the  orbit  ()f  tht* 

l.iMiiiiiN,  TV*. 
Adjustments  of  the  transit  inMrumeut. 

Aerolites.    S«>c  Meteorites. 

Ag^e.  ri'laiivc,  of  the  planets,  til.'f,i>l.%;  of 
III.'  solar  system.  '.»•-_';  of  the  sun,  .'i5l». 

Air  currents  at  liii^h  elevution.s.TT^,  noU, 

A  IKY.  <;   !»..  •li-n^ity  o(  the  earth,  lift*. 

Albedo  dt'tint'l  an<l  determiiKsl.  T*¥\\  of 
.IiipiitT.  til  I;  of  MarN..V<l;  of  MenMiry, 
.Vi>;  iif  the  .\IiM>n,  'J.V.»:  of  Neptune, 
\'*'*) ,  .if  Saturn.  «".:>;;  of  Uraniw,  G4>»: 
of  V-'iniN.  7u'l. 

Algol,  or  a  Wv^'X.  MX. 

Almagest  of   j'tol. my.  .'h*),  700.  ?.«. 

Almucantar  «l>  tiin-ii.  Vl. 

Altitude  -1.  tiii-.i.  Jl     i-aralh-ls  of.  r.»:  of 

l"'i j'l  lU   iaii'tnli',  J!*);  of  ^nll,  bow 

Mi>-.i-iM.  I  u'.ili  '••Aiant.77. 

Altitude  .iti  1  a/imnth  instrumrnt,  71. 

Amplitude  'l.tnu-I.  '^1. 

Andromeda  the  nidmla  in.  SSi!;  tempo- 
rary '-Vat  in  the  nebula  of,  H4«(. 


I 


AndromedM,  the,  7hO,  7M,  7Hti. 

Angle,  ixmitiou.  of  a  double  Htar,  MM:  of 

the  vert  leal,  \Tik\. 
Angular  and  linear  dimeuHiouH.  5;  velo«*- 

ity  under  iviitral  ff»rce,  itH  law,  44 M, 

AifX 
Annnal  equation  of  the  moonV  motion, 

4.'>K;  motion  of  the  sun,  172,  173. 
Aiinnlar  eclipeie,  :tK2;   nebula  hi   Lyra, 

K8M. 

Anomnliatio  month,  the,  .'(ir,  fio/e ;  n*vo. 

lution  of  the  ni(MMi.*i.'i();  year  defined, 

•JliJ. 
Anonudy  defined,  mean  and  true,  IHii. 
Apertures,  limiting,  in  pliotonictry,  S'i."). 
Apex  of  the  sun's  %«ay,  MkTi. 
Apparition,  jHTiK'tual,  circle  of,  'SX 
Apsides,  line  i^f.  ilefineil,  \K\\  its  n>\tdu- 

tion  incase  of  the  earth'H  orbit,  r.f.i; 

itM  rt^vtdiition   in  ca.se  f»(  the  moon 'it 

orbit,  4.'>4  :  itM  ri'volution  in  cam* of  the 

planets'  orbits,  .VJ7. 
Arc  of  meridian,  how  measunsl.  147. 
Areal  or  areidar  vehioity.  law  of,  under 

central  force,  44L*-4(it;. 
Areas,  finable  description  i>f,  in  earth *» 

orbit,  isii,  1H7. 
AlKiKLAMiKK.  his  1htrt'hmu»tfrun'f  KXk*\ 

/ones,  7f«R,  KLt;   his  star  niatfuitiides, 

K17.  s:ci. 
Argus,  1,  H41. 

Ariel,  the  inner  ftatellite  of  rraniis,  tiSf). 
Aries.  tlr>t  of,  17. 
\i:i*tTAi((  iirs,  niethiMlof  ilt-terminin^  the 

•>un's  iliMance,  tilili,  ti70. 
Artificial  hori7.t>n,  tlie,  7S. 
Ashes  of  metiMtrs,  77r>. 
Aspects  of  planets  define^l  by  iliak'rain. 

4m. 
Astcroidi,  the.  or  minor  planets.  .VCJ  -4»l : 

the<iries  as  to  their  origin.  •J*^. 

L.  the  fifth  asteroid,  discovered  by 

Hencke.  ^.O. 
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[All  references,  nnleu  ezpreuly  itated  to  the  contrary,  are  to  ariieim,  and  not  Co  pagtiJ] 


Astro-Physics  defined.  2. 

Atlases  of  the  stars,  793. 

Atmosphere  of  the  moon,  255-257;  of 
Veuus,  573 ;  height  of  the  earth's,  98. 

Attraction,  intensity  of  the  solar,  on  the 
earth,  43G;  within  a  hollow  sphere, 
169;  of  universal  gravitation,  161,162. 

Axis  of  the  earth,  its  direction,  14 ;  of  the 
earth,  disturbed  by  precession,  206 ;  of 
the  sun,  its  direction,  282. 

Azimuth  defined,  22;  determination  of, 
127 ;  method  of  reckoning,  22 ;  of  tran- 
sit instrument,  its  adjustment,  60. 


Bailt,  determination  of  the  density  of 
the  earth,  106. 

Balance,  common,  used  in  determining 
the  density  of  the  earth,  170;  torsion, 
used  in  determining  the  density  of  the 
earth,  105. 

Barometer,  changes  of,  affecting  atmos- 
pheric refraction,  91;  effect  on  height 
of  the  tides,  480. 

Barometric  error  of  a  cloi*k  and  its  com- 
I>cnsation,  52. 

Beginning  of  the  day.  12.'^ ;  of  the  year, 
222. 

Hkxzbnbbro,  experiments  on  the  devia- 
tion of  falling  bodies,  138. 

Hesskl,  the  parallax  of  01  Cygni,  80i),  811 ; 
formation  of  comets*  tails,  728;  his 
"zones,"  7'.»5. 

Bikla's  comet,  744-74(i 

BieUds,  the,  740,  780,  784,  786. 

Bielid  meteorite,  Mazapil,  784. 

Binary  stars,  872-875 ;  numl)er  known  at 
present,  872;  their  masses,  **77,  878; 
their  "  nias.s-brightne88,**  879;  tlieir 
orbits,  87.;-877. 

Bissextile  year,  explanation  of  term,  219. 

Black  Drop,  the,  at  a  transit  of  Venus, 
(Wl. 

Book's  law,  488,  489. 

Bolides,  or  detonating  meteors,  708. 

Bolometer,  the,  of  I^ugley.  343. 

Bond,  G.  P.,  first  photograph  of  a  double 
star,  8(W. 

Bond,  W.  ('.,  discovery  of  Hyperion,  643; 
of  Saturn's  dusky  ring,  037. 

BoYLK.  law  of.  3<K),  note. 

Brahr,  Tycho.    See  Tvcho. 

BRKniciiiN.  his  theory  of  comets'  tails, 
731,  732. 

Brightness  of  comets,  OlK) ;  of  planets  in 
various  positions,  !Mcrcnr>'.  551;  Ve- 
nus, 5«»3,  ri«J8:  Mars,  579:  Asteroids, 
6U0,  599;  Jupiter,  010;   Saturn,  032; 


Uranns,  647 ;  Neptune,  660;  of  an  ob- 
ject in  the  telescope,  38;  of  sliooting 
stars,  773;  of  stars,  causes  of  the  dif- 
ference in  this  respect,  836;  of  stan, 
its  measurement,  823-831. 


Calendar,  the,  217-223. 

Galoriea  of  different  nu^nitnde,  338»  iMfe. 

Calypso,  the  oater  satellite  of  Jupiter, 

621,627. 
Candle  power,  its  mechanical  equiTalenty 

776;  power  of  sonllght,  338, 333. 
Candle  standard,  333,  nofe. 
Captore  theory  of  comets,  740. 
Cardinal  points  defined,  2a 
CARLiNr,  earth's  density,  168. 
Carbikotox,  law  of  the  son's  rotation, 

283,284. 
CAssBORAnriAV  ttHmoop^,  48. 
Cabsini,  J.  D.,  disooTeiy  of  the  dlTiaian 

in  Saturn's  ring,  637;   dlaoorery  of 

four  satelUtes  of  Satnxn,  643. 
Catalognea  of  stars,  796. 
Gavbkoish,  the  torsion  balance,  165. 
Celestial  latitude  and  longitode,  178, 179; 

sphere,  oonceptioiis  of  it,  i. 
Cenis,  Mt!,  determination  of  the  earth's 

density,  168. 
Central  force,  motion  under  It,  400^410; 

force,  its  measure  In  case  of  circnlar 

motion,  411. 
Central  suns,  807, 903. 
Centrifugal  force  of  the  earth's  roCatloii, 

154. 
Ceres,  discoTery  of.  508. 
CuANDLBB,  8.  C,  catalogue  of  Tariabla 

stars,  852,  Appendix,  Table  VI. 
Changes  on  the  moon's  surfaoe.  3BB;  in 

the  nebulse,  898. 
Characteristics    of   different  moteorio 

swarms,  783. 
Charts  of  the  stars,  798. 
Chemical  elements  reoognlied  In  eomets, 

724, 725;  elements  recognised  in  stars, 

856;  elements  recognised  In  the  son, 

315-317. 
Chromatic  aberradon  of  a  lens,  801 
Chromosphere,  the,  381, 388, 363. 
Chronograph,  the,  66. 
Chronometer,  the,  M;  kmgitiida  bj.  ISl 

[A]. 
Circle,  the  meridian,  63. 
Circles  of  perpetual  apparition  and  oo- 

cultation,  33. 
Circular  motion,  cential  loroe  tn,  411. 
Clairaut's    eqnatkm   conoenilBS    tlia 

elliptidty  of  the  eaith,  lfi& 
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Cla&kb,  Col.,  dimensions  of  tlie  aarth, 
lis  and  Appendix. 

CUsiiiieatioii  of  stellar  spectra,  8ff7, 858. 

Clbbkb,  Miss  A.  M.,  her  history  of  as- 
tronomy, Preface,  570,  636,  note,  723. 
746,  UOO. 

Clocks,  general  remarks  on,  M. 

Clook-br«Akt  (electric),  57. 

Clock-«ZTor,  or  correction,  and  rata,  53; 
or  correction  determined  by  transit 
instrument,  Kk 

Clusters  of  stars,  885-885. 

(.-ockiia's  Comet,  730. 

CoUimating  eye-piece,  67. 

CollimAtioB  of  transit  instrument.  60. 

ColliniBtor,  the,  used  with  transit  instru- 
ment, 00;  of  a  spectroscope,  311. 

Collision  theory  of  variable  stars,  860. 

Colors  of  stars  in  photometry,  830;  of 
double  stars,  867. 

ColnrM  defined.  125. 

Comet,  BieU's.  744;  Donati's,  727,9730, 
747 :  Encke'ti.  710.  743;  great,  of  1882, 
74H-752;  llalley's,  742;  Winneeke*s, 
711. 

Comets,  acceleration  of  Encke'sand  Win- 
necke's.  710,  711;  brightness  of,  OW, 
72:i;  capture  theory  of,  740;  chemical 
elements  in,  7'i4. 725;  constituent  parts. 
7i:{;  contraction  of  head  when  near  the 
sun,  71.'i;  danger  fntm,  75.'t.  754;  den- 
sity of,  7*J>:  dt'Mi^nution  of,  <JH7;  di- 
inensionH  of,  714, 717 ;  eje<*tion  thei>r>', 
741;  fall  upon  earth  or  sun.  probable  ! 
cfTt'Ct,  754;  grou)M  of,  with  RimiUr 
orbits,  7(^1;  their  light.  721;  their 
iiiaHs^'H,  71H,  719;  and  meteors,  their 
conn«^tion.  785-7K7;  nature  of,  737; 
their  orbits.  700-70!*;  origin  of,  7*^ 
741;  perihelia,  distribution  of,  70i>; 
physical  characteristics,  712;  plane- 
tary families  of.  7.'tl);  their  spei*tra, 
724, 720 ;  su|>ersti!  iou«»  regarding  them, 
(>1I5 ;  their  tails  or  trains,  713. 717,  72K- 
7.'tf) ;  variations  in  brightness,  723 ;  vis- 
itors in  the  wilar  system,  7011. 

Comparison  of  surlight  with  sunlight, 
:v;q.  k:<2. 

Compensation  iM>ndulunis,  51. 
Compensation  of  |M>ndulum  for  barome- 
tric chani;es.  .VJ. 
Components  of  the  disturi>ing  force.  445. 
Co  ordinates.  astnin«>niical,  20. 
(MMMiJN,  A.  A.,  phoUtgraplis  of  nebula*. 

Conies,  thf*.  422.  4'2.^ 

Connection  between  comets  and  meteon, 


Constant  of  aberration,  the,  225;  the  so- 
lar. 338-340. 

Oonataiiej,  secular,  of  the  mean  distaaoee 
and  periods  of  the  planets,  526. 

OooBtaUations,  list  of,  792;  their  origin, 
791. 

Coataet  observations,  transit  of  Venus, 
670-682. 

ContraetioB  theory  of  solar  heat,  386. 

CoBTtnioB  of  R.  A.  and  DecL  to  latltode 
and  longittide,  180. 

CoFBBiricus,  hU  system,  608;  ''Trinm- 
phans/'800. 

CoBXU,  determination  of  the  earth's  den- 
sity, 166;  photometric  observation  of 
eclipses  of  Jupiter's  satellites,  630. 

CcnroBa,  the  solar.  291,  327-331,  364. 

OotmogoBy,  905-917. 

Ootidal  lines,  475. 

Cratart  on  the  moon,  285-267. 

Cbbw,  H.,  spectrosoople  obeerrations  of 
the  snn's  rotation,  285,  note, 

Oraat  of  meteorites,  761. 

Cimralvra  of  comet's  tails,  729. 

OuTiUiiMr  motion  the  effect  of  force.  401 . 

Oyela,  the  metonlc,  218. 

CyoloBM  as  proofs  of  the  earth's  roution, 
143. 


Daltox.  his  law  of  gaseous  mixtures,  300, 
note. 

Danger  from  comets.  753.  754. 

Darkeninf  of  the  sun*s  limb.  337. 

Darwin,  G.  H..  rigidity  of  the  earth,  171 ; 
tidal  evolution,  4HI,  916. 

Dawbs,  diameter  of  the  spurious  discs 
of  stars,  43 ;  nucleoli  in  nun  spots,  2i<t. 

Bay,  the  civil  and  the  astronomical,  117 ; 
effect  of  tidal  friction  upon  its  length, 
461 ;  changes  in  its  length,  144;  where 
it  begins,  123. 

Daelinatioa  defined,  23;  parallel  of.  23; 
determined  with  the  meridian  circle, 
128. 

Degree  of  the  meridian,  bow  measured, 
1.%.  147. 

Deimoe,  the  outer  satellite  of  Mars»5(0, 
591. 

Oklislb,  method  of  determining  the  so- 
lar parallajt.  683. 

]>KxyiNQ,  drawings  of  Jupiter's  red  spot, 
filK. 

Density  of  comets.  720 ;  of  the  earth,  de- 
terminations of  it.  ltH-170;  of  the 
moon.  2¥i\  of  a  planet,  how  deter* 
mined,  MO;  of  the  snn,  279. 

DatoutlBg  meteors,  or '*  BoUdas,"  768b 
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Beyelopment  of  son  spots,  2ii7. 
Dhurmsala  meteorite,  ice-coated,  7G5. 
Diameter  (apparent)  as  related  to  dis- 
tance, 6 ;  of  a  planet,  how  measured, 

Differential  method  of  determining  a 
body's  place,  129;  method  of  deter- 
raininfi;  stellar  parallax,  811. 

Diffraction  of  an  object-glass,  43. 

Dione,  fourth  satellite  of  Saturn,  013,  note. 

Dip  of  the  horizon,  81. 

Disc.  spnrioiLs,  of  stars  in  telescope,  43. 

Discoyery  of  comets,  ()98. 

Dissipation  of  energy.  1)25. 

Distance  of  the  moon.  239;  of  the  ncbu- 
In.*,  89G;  and  parallax,  relation  be- 
tween, 84;  of  a  planet  in  astronomi- 
cal units,  how  determined,  515-518 ;  of 
the  stars,  808-815;  of  the  sun,  274, 
275,  also  Chap.  XVI. 

DistinctnesB  of  telescopic  image,  its  con- 
ditions, l^X 

Distribution  of  the  nebuln>,  895;  of  the 
stars,  Hif9;  of  the  sun  spots,  301. 

Disturbing  force,  the.  431M44;  force, 
diagram  of.  441 ;  force,  its  resolution 
into  components,  445. 

Diurnal  aberration,  22()*;  inequality  of 
the  tiiles,  471 ;  parallax,  82,  m ;  phe- 
nomena in  various  latitudes,  191. 

Divisions  of  astronomy,  2. 

DoKKFKL  proves  that  a  comet  moves  in  a 
parabola,  700. 

l)«)NATi's  comet,  727,  7.'iO,  747. 

Dori'LKR's  principle,  321.  ni»tc. 

Double  stars,  S<^^-.S79;  their  colors,  H(m; 
criterion  for  <listingnishing  between 
those  optically  and  physically  double, 
K70:  method  of  measuring  them,  8(>8; 
optically  and  physically  double,  80t); 
having  orbital  motion,  see  Binary 
Stars. 

Drapkii,  H.,  oxygen  in  the  sun,  316 ;  pho- 
tograpli  of  the  nebula  in  Orion,  893; 
pliot«>graphy  of  stellar  spct^tra,  859: 
memorial,  the,  859. 

Duration,  future,  of  thesim,  358;  of  sun 

^I)ots,  ;;oo. 

Earth,  the,  her  annual  motion  provetl  by 
aberration  and  stellar  parallax,  174 ; 
aitiiroxiniato  diniensicms,  how  meas- 
ured. l.'>4.  I'o;  con>«titution  of  its  in- 
teri<ir,  171:  its  dimensions.  Appendix 
and  145:  its  dimensions  determined  ge- 
(Mletically.  147-149;  form  of.  from  pen- 
dulum exi)erimcnts,  152-155;  growth 


of,  by  aooearion  of  meteoric  matter, 
777 ;  mass  compared  with  that  of  the 
sun,  278;  its  mass  and  density,  1BB- 
170;  its  orbit,  ft>rm  of,  determined, 
182 ;  principal  facts  relating  to  it»  132 ; 
proofs  of  its  rotation.  ia»-143. 

Earth-shine  on  the  moon,  254. 

Bocentrioity  of  the  earth's  orUt,  disoor- 
ered  by  Hippatchos,  IM ;  of  the  earth's 
orbit,  how  detemdned,  18B;  of  the 
earth's  orbit,  secolar  change  of,  198; 
of  an  ellipse  defined,  183,  fi06. 

Edipses,  duration  of  lonar,  373;  dnxft- 
tion  of  solar,  385;  number  In  a  year, 
391-393;  recurrence  of,  the  saros,  366; 
of  Jupiter's  satellites,  627-630;  of  the 
moon,  370-378;  of  the  sun,  379^390; 
total,  of  the  sun,  as  showing  the  solar 
atmosphere  and  corona,  319,  323. 

Ediptic,  the,  defined,  175;  obUqoity  of, 
170;  limits,  lunar,  974,375;  limits,  so- 
lar, 386. 

Effeetiye  temperature  of  the  sun,  351. 

Ejection  theory  of  comets  and  meteon, 
741. 

Elbowed  equatorial,  the,  74. 

Electrical  registration  of  obserrationSiSS. 

Electro-dynamlo  theory  of  gravitatioo, 
002. 

Elements,  chemical,  not  truly  elemen- 
tary, 318;  chemical,  recognised  in 
(hornets,  721, 735 ;  chemical,  recognized 
in  stars,  8B0;  chemical,  recognised  in 
sun,  316, 317 ;  of  a  planet's  orbit,  605- 

Elkin,  stellar  paiallazes,  808,  814, 816, 

and  Appendix,  TaUe  IV. 
Ellipse  defined,  183;  described  as  a  conic, 

422,423. 
Elliptio  comets,  their  number,  702;  their 

orbits,  703;  recognition  of,  701. 
EUiptidty  or  oblateness  of  a  planet  da- 
fined.  150. 
Elongation  of  moon  or  planet  defined,  23QL 
Encflladus,  tlie  second  satellite  of  Saton, 

iMZ,  note. 
Knc'Ke's  comet,  710, 743. 
Knckb,  Ills  reduction  of  the  transits  of 

Venus,  007. 
Energy,  the  dissipation  of.  925;  andwoik 

of  solar  radiation,  345. 
Enlargement,  apparent,  of  bodies  asar 

horizon,  4,  note^  88,  98. 
Envelopes  in  the  head  of  a  eomet,  713,  TST. 
Epoch  of  a  planet's  orbit  defined,  606. 
Epsilon  Lyne,  653,  886, 882. 
Equal  altitudes,  dstermlnatloD  of  tim, 

115. 
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Equation,  anniiiil,  of  iiKMurs  motion.  -I/M ;  ' 
of  the  ct'iitre,  IHl);  of  the  equinoxm, 
'Jl-'t;  of  liffht,  by  iiicaiiM  of  *lii|>it4*r*M 
»Jlt«'llil«"4,  r»*jH-<i:iO;  of  time  «'XI»lililie<l, 
'J<U-*J<)4;  oxpressinj;  tli»'  relation  be- 
t\ve4>n  the  ii^ht  of  difTerent  Htellar 
m.'iputiKles,  H*3). 

Equator,  the  oeleMtial,  !<>. 

Equatorial  aeceleration  of  the  Kun'A  ro-   , 
I  at  ii  >n,  *JH:V-*JHr»;  eomlr.  Paris,  74 :  jAr- 
allax.K.');  teles<M»|H»,  72 ;  teh-j^-oiw  mwd 
to  (It'termine  the  |>l:u*e  of  a  heavenly 
iMMiy.  V**X 

Equinoctial,  th«*.  si^>  Equator,  eelential: 
|Miiiit<4,  or  equinoxes.  17. 

Equinoxes,  the.  filiation  of.  21.H:  prMM^H-   , 
si«»n  tif.  •-*•»:» -212. 

Kr  \tosthenkh,  hisnieanureof  th*-  earth.    ! 
I'w;. 

Erecting  eye-pi«fe  for  teleH<'o|M',  4r>. 

KnirssoN,  his  solar  eni^ine.  ;»4.'»;  experi- 
ment uiNtn  ntiliation  of  molten  iron. 

EruptiTO  pmmiiH'nei'H,  .'U5.  I 

Eicapomont  of  ehn-k,  fW). 
Establiihment  of   a  |>ort  (har)M>r)  di*- 

tini-<i.  44k{. 
Europa.thew<M)n(lHatellitoof.Iupiter.trj]. 
Erection,  the.  \T*\. 
Eyolution.  tiilal.  I^t.  Mid. 
Eyepieces.  trlrM«»|>ii-.  \\. 
Extinctions.  th>-  iii«'th(»l  of.  in  photomt>- 

trv.  sj.-,. 

I\ 
Facula.  -^olar.  irn.'. 
Fall  of  a  plant't  tothesnn.  time  re^^nirtNl. 

\\.\  )(:  of  a  ntniet  on  the  sun,  pn»t»a- 

hl«'  fffeet.  7.V4. 
Falling  lN*<iii^.  fa'^twanl  ih-viation.  I'X 
Families  iplam-taryi  of  <M»mi't-.7;?j. 
K \VK  If.  \..  his  nio<lit1i'ntii»ii  of  the  \\v\>- 

uliir   hy|M)tlu*>is.  \\\7%\    theory  i»f  sun 

Flattening,   appariiit.    of   th h>stial 

>»|ih«'r»*.  I.  /»"/' 
Ferce.  ♦'N  i'I«*ni-«*-i  not  by  motion,  hut  by 
<  'i  •/<•/•     of    motion.    4<*>:     projts*tile. 
i»Mm  «-;ir»-l«-s-»ly  usfil.  H»l :  i'«*ntr.i).  nn»- 
tiiiii  ini«i>T  it.  4<M)  41H;  ri-puKivf.  artion 

•  'II  '•I'TlHtx,  T'Js   7-v». 

Form  of  til."  r;irih.  ir»-l.V>. 

Formation  of  .•ouiii>'  taiN.  7*>. 

Foil  \i  1. 1 .  till' i:\  roN«-ii|M'.>.ho\%  iii^fi-artirs 
r>>t:it:i>ii.  \\1 .  his  ]M-n«hilum  ex|N'ri- 
iiii-iit.  «'lio>\ini;  t-arth'H  rotalii>n.  1^*»- 
111;  iiii'a>iir«'<t  \fliM'ity  of  liKht,  iKV). 

Fourteen  liii nil re<|  and  seventy-four  line 
.•I  til.'  s|Mt'trum  of  the  mn^na.  .'t!9. 


FKAt'NHt>rRK  lines  in  the  wdarsjieetrum, 
.'{l.'f,Hfi5;  olMervatiom*  on  Htellar  f«|)ec- 
tra.  Km. 

Trtt  wave,  vehK*ity  of,  ATX 

Fraquency,  relative,  of  solar  and  lunar 
ecH|M4*M,  .'tm. 

Galaxy,  the,  mm. 

tiALiLKo,  disoitvery  (tf  Jupiter'^  Mit- 
ellitcH.  t»21 ;  ilifK-overy  of  Saturn's 
riiiK>«f  <»!n;  discovery  of  phasen  of 
Vcnits,  9<i7 ;  use  of  iwndnlum  in  time- 
keeping, TiO. 

<tAi.LK,  «>ptii*al  diMH»ver}'  of    Neptune, 

Oanymede.  the  thinl  satellite  of  Jupiter, 

trjl. 
Oas  <-ontractin)(  by  htsu  of  heat,  line's 

law,  .STh. 
<tAi*HH,  i*ompntes  the  orbit  of  (Vn^H,  Hf.fd; 

detennijiation  of  the  eleuents  of  an 

orbit,  rilli;  iK*cuHar  form  of  ai'hroma- 

tic  object-fslaw,  41. 
Gay  Li*HiiA<\  law  of  gaseouH  eximnsiou, 

Oeoc«Btrio   latitude,    iriti;    place    of   a 

heavenly  InmU',  511. 
Gaodetic  determination  of   the   rarth'H 

dinien?«ions.  147,  14'.i. 
Genesis  of  th«-  s«ilar  sy>tein.  liOH-lil.* :  of 

star  ehiNters  and  nebula*.  \*24. 
Georgium  Sidus,  the  ori^iual  name  for 

I'ninus.  t'A5. 
(fiLL,  ludar  |iarallax  fmm  obHer%'ation!t 

of  Mars.  iH«i;  stellar  parallaxes  H08. 

Apiiendix.  Table  IV. 
Globi.  <>eleMial.  nvtitieation  of.  .'d.  mt(e. 
Gnomon,  dftermination  of  latitudi*  with 

it.  1117;  detenu i nation  of  the  obliquity 

of  the  (M'liptic.  17i». 
Golden  numf»er.  the,  21H. 
Gradual  rhant;rs  in  the  lif;ht  of  the  start, 

s:ai. 
Graduation  erntrs  of  a  rin^e,  &), 
Grating  difTruetion.  :tll.  wU: 
GraTitation.  e]fiMn»-dynandr.  theory  of, 

t^fJt;  law  Stat t«d.  It'll :  nature unkni»wn. 

ltd :  law  extfiiilinii;  to  i)u>  star*.  s7i'. 

#<••(»•.  K7." 5,  !«M,  W't*  :  Newtim'-*  verifi- 
cation of  the   law    bv   means  of  the 

niiMtn's  motion.  W.K  4'J(t. 
GraTitational    astro uy    dftine«l.    2: 

methods  of  determinim;  the  s«dar  |iar- 

allax.  ti-C-i'iKi. 
GxmTity,  im^reasi*  of.  Udow  the  earth's 

surf:i«H*,   li%>:    variation  of.    between 

equator  and  iMde.  I.'i2. 


nBHOooiAH  calend&r,  the,  and  Ita  adop- 
tion Id  Enicliind,  230,  221 ;  lolcacopB.  4H. 
fironpi,  cometAry.  T09;  of  stars  having 

Orowth  ot  tlie  earth  by  meteoric  matter, 
7T7. 

OyroMopa,  FoucbuU'b  proof  ot  earth's 
rotatioQ,  142 ;  lllaHtratJng  the  preues- 
alon  of  the  eqajnoiee,  210,  211. 


Uali,,  a,,  discovery  of  the  satellites  of 
Han,  NO;  on  the  question  whether  It 
Is  certain  that  gravitatloD  eitendii 
IhrouKh  the  stellar  nnl verse,  001,  note. 

Hallbv,  hiH  comet.  742 ;  his  computation 
ot  I'Omelary  orbits,  TOO;  lila  method 
of  detcrmioing  tlie  sun's  parallax,  GTl), 
BSO;  the  moon's  secular  acceleratfoD, 
4fill;  pro|>er  moUoiis  of  stars,  800. 

Hanhkn,  correction  of  the  solar  |iarallax, 
HIT ;  opinioii  on  the  form  of  the  moon, 

Kakiiinu  discovers  Jnno,  SfO. 
llAKKNEwi,  obBcn'atlouB  <in  the  light  of 

meteors,  77U;  oliservation  of  Ihe  coi^ 

nna  Sjiectrum,  32{l. 
Harmonia  law,  Kepler's,  412-41T. 
Harton  <-olUi'r}-,  density  ot  tlie  earth,  100. 
Harvard  photometry,  the,  fJ?,  H2H. 
HarvBit  and  hunti-r'a  moons  expiafui-d, 

■lit;. 

Haat  and  liftbtol  moteon  explained,  TtiS; 
of  Ihemoon,  2ti0;  of  the  suii,  XM-.tTiH ; 
received  by  the  eartli  from  meteors, 
ikVi.  TT!*:  from  the  slnrs,  834. 

HAight  of  Innnr  mountains.  STO. 

HRi«,eMum(-raiiutiotiuiked4yeBtant,SlA. 

Hsliocentrle  place  of  a  planet,  312. 

HeliomaMr,  tlie,  liTT ;  lued  In  dvtermin- 
itiR  Milar  parallax,  r>7l>,  OH,*!;  used  in 
■tcteriniiiiiiK  stellar  pnmllnx,  HII.  HI5. 

HalioMopM,  or  nolar  eye-pieces.  28(i,  2»<7. 

Hallnm,  aii  iitiiiU'iititli>d  iiwtal  in  the  so- 
lar rhnimosphcre,  :t23. 

ItRLMHoLTZ,  coiitrai^tiun  llieory  of  solar 
heat,  mi. 

IIkn<:kk,  ilis<M>vGrs  AHtnea,  the  tiftti  asic- 

rwid.  na. 

IIksiikkson,  measures  the  i>amllax   nf 

a  Cenlanri.  (NKi,  HIO. 
Henkv    lluirrilEBH.   adlronoDiical    pho- 

toKrapliy.  TiW. 
IIkvhy,  i'uiif.  Jm  lieat  of  sun  Hp<its,  :tlO: 

ut  sun's  linil),  :UH. 
Krkw-hkl.  SlK  .limn,  astromrtr>'.  KIK: 

illiiit  ration  of  the  planetary  systom. 


oanmrT.  are  to  wrUclm,  asd  not  ta  fagm."] 

HaaacHU.,  Sis  W.,  dlaoorery  of  the  aim*! 
motion  In  apace,  SOI ;  dlMoveiy  ot  two 
•atellitw  of  Satom,  e43;  dlaooverr  of 
Uranus,  OlS;  dlscorerj  of  two  Mtt«l- 
liteaot  Uranus,  eSO;  ■tai^«BDgei,8W; 
theory  of  sun  ipota,  302 ;  hla  reflect- 
ing telescope,  4& 

Hbvkuob,  Ms  view  of  cometaiy  orblta, 
TOO. 

HiFTABcmia,  dlBcoTeis  eoaentridtj  of 
earth's  orbit,  lU ;  dlaooren  pracawton, 
30B;  his  value  of  the  solar  parallax, 
R71 ;  the  Sret  star««talogne,  T9B. 

BounsN,  G.  S.,  on  ehMgw  Id  nebolK, 
802. 

Korixon.  apparent  enlarmmetit  of  bodies 
near  it,  4.  note,  88,  03;  artificial,  78; 
rational  and  apparent  defined,  10; 
dip  of,  81 1  visible,  deflned,  11. 

Korixontal  paralUx,  83,  S4 )  point  ^  tbe 
roe  rid  Ian  circle,  67. 

Honr-anf  Is  defined,  at. 

Kanz-einle  defined,  18. 

KuooiNs,  W.,  attempt*  to  pbotogi^li  the 
solar  corona  wlthaut  an  aellpse,  SM; 
attempted  observation  of  stellar  lint. 
834;  observations  of  stellar  spsctia, 
8HG;  photogr^ihy  of  stellar  ^leetia, 
8SH;  spectroscopic  otaaervBtions  of  T 
curonn,  844;  itar-motloDi  In  Una  of 
sight,  802. 

IIi-aiioij>T,  A.  vox,  classification  of  the 
planets,  549. 

Hunt,  Stxrxt,  carbonic  add  bixra^n  Ut 
earth  by  comets,  T3B. 

HuioBxits,  discoveiT  ot  Batnm's  liDgs, 
eSI;  discovery  of  Batnm's  ■rtsIUU, 
Titan, 643;  invsntiooof  thependalnm 
dork,  SO;  his  long  teleeoops,  40. 

HydTOKOi  In  the  solar  ohromosphere  and 
prominences,  3!S-32B;  brlglit  lines  of 
ltHBpectroniliitlMnebiilB,8e0;  bri|ht 
lines  of  lis  spectroBi  la  ten 
stars.  844;  bright  lines  ot  Its  si 
In  variable  stats,  8S7. 

Hyperbola,  the,  dsKrlbed  u  a  eoalo, 
42i. 

Hyperbolle  comets,  Tm. 

Hyperion,  the  Mventh  and  last  dlanowiinl 
satellite  of  Satnm,  OU,  BU. 

Eypotheaia,  nebolar.  See  Vabalur  by- 
pothesis. 
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let,  amount  melted  by  solar  radiation, 

;H4-:M<i,  aw*. 

niamination  of  the  moon's  disc  during; 
a  lunar  e<>Hps«,  .'<7ti. 

Imag«.  telescopic,  iH>ndition8  of  distinct- 
iiejw,  IVX 

Inequality,  diurnal,  of  the  tides,  471. 

InferencM  de^luoible  from  Kepler's  laws, 
41H. 

Inferior  planet,  motion  of.  4117. 

Infinity.  vflcH-ity  from,  4'Jl». 

Influences  of  the  moon  on  the  earth.  3i2. 

Intra-Mercnrial  planetn,  (MLMiUti:  plan- 
ets, supiM>Ke<l  olMervatioiiM  of,  during 
Holar  eclipH<>,  CAiTt. 

Interior  of  the  earth,  itM  constitution, 
171. 

InYtxiable  plane  of  the  wilar  syHtem,  XM. 

Inyariability  of  the  earth's  rotation,  144. 

lo,  the  first  Hat4'llite  of  Jupiter.  fi21. 

Iron  iiicteoriteH,  7.%H:  in  ttie  sun,  'M5.         ' 

Irradiation   in    micrometric   measures. 


•Fansmkn,  discovery  of  the  spectroscopic 
metliod  of  o1>}wrvinK  the  s<ilar  promi- 
nen(*eH,  ^fi.'};  solar  phcitouraphy.  2H!i. 

Jets  isMuiuK  from  the  nudeuH  of  a  iNunet.    , 
7i:t,  7-'7. 

Jolly,  ohsiTv.itions  of  th**  earth's  dcn- 
sitv,  ITn. 

Julian  ralciKlar.  '2VX 

Juno.  diMMivcrtMl  hy  llanlinf;.  .V.ct.  ■ 

Jupiter,  till'  planet.  liiKMkU  ;  hri>;htnfSN   I 
as  seen  from  a  Ceutauri,  K81 :  a  senii- 
siui.  01*J. 

K. 

Kant.  pro|M>ses  the  nebular  hyimthesis. 

Kkplrk.  Ills  iK'lief  as  to  cometary  orbits, 
7iM):  liis  three  laws  of  planetary  mo- 
tion. 412-41 S:  his  "problem."  IMK;  his 
"  re>;iihir  S4ili<|  "  theory  of  the  planet- 
ary distances,  .vy.  u>»te. 

KiKciioKK.  his  fiindaiufntal  principles  of 
siHvtrum  analysis,  .'{14. 

I.. 

Lvn«;lky.  S.  v..  U'xs.  lUilometer.  iM.'»:  the 
color  of  tht'  sini.  :L'm  :  ol»Nerv»tions  on 
liiiKir  hi'ut.  Ji'io.  'jt;i  .  Ill)  Milar  lifat.:{4M; 
siui-H|M)t  druwin^s.  'J*rj;    heat   in  sun 

I.ank's  law.  ris*'  of  teni|ierature  conse- 
tpii'Mt  on  the  coiitnu'tion  of  a  ^sitnis 
niastt,  .'(57. 


La  Placr,  his  equations  relating  to  the 
eccentricities  and  inclinations  of  the 
planetary  orbits,  5.'12;  explanation  of 
the  moon's  secular  aci*eleration,  45Ai, 
44X);  the  invariable  plane  of  the  solar 
sjrstem,  tiiil;  the  nebular  hy|>othesis, 
HOl-iUl. 

Lassrll,  diiooyery  of  the  two  inner  sat- 
ellites of  Uranus,  ViSH):  inde|>endent 
discovery  of  Hyperion,  VAl\. 

Latitndt  (astronomical)  of  a  place  on  the 
earth's  surface.  .')0, 100. 1A>;  astronom- 
ical, geo<letic,  and  geocentric,  dis- 
tinguished, 1A>;  determination  of, 
methods  use<l.  101-107 ;  at  sea,  its  de- 
termination. 103;  possible  variations 
of  it,  KN:  station  errors,  LVt;  celes- 
tial, defined.  17K.  171»:  and  longitude 
(celestial),  conversion  Into  a  and  8, 
IM). 

Law  of  angular  velocity  under  central 
force,  40H;  Bode's.  4M8,  4>«):  of  Boyle 
or  Mariotte.  density  of  a  gas,  :iliO,  nofe  ; 
of  [>alton,  mixture  of  gases,  .IKO,  note  ; 
of  earth's  orbiul  motion,  IMH.  187;  (»f 
equal  areas.  lH«s  402-I4M,  412;  of  (;ay 
Lussac,  KiMeous  expansion,  'JtfO,  not*' ; 
of  gravitation.  Kit,  l(i2,  41f),  K?J; 
line's.  <if  temperature  in  gaseous  I'ron- 
tniction.  .V>7;  of  linear  velo«*ity  in 
angular  motion.  407. 

Laws  of  Kepler,  412-1 IH;  motion  uiitler  a 
central  fon'e,  44N^4ll. 

Leap  year,  rule  for,  220. 

Ltilgtll.  of  the  day.  imesible  changes  in  it, 
144:  of  the  year,  its  invariability,  ."Uti. 
77H. 

Ltonidi,  the.  7M).  7H(i. 

LBHi'ARBAt'LT.  suppose«l  discoTcry  of 
Vulcan.  <XKi. 

LeTtl  a«ljuKtment  of  the  transit  instni- 
ment,  liO. 

Lbvrrrirk.  discovery  of  Neptune.  iiX\, 
tkM :  on  an  intra-Men*urial  planet.  H(Ki; 
motion  of  the  perihelion  of  Mercury's 
orbit,  (S02:  metbotl  of  determining  the 
solar  |»arallax  by  planetary  perturba- 
tions, (W. 

I.RXKLi/s  (*itniet.  approach  to  Jupiter. 
71M:  nH*ognition  «»f  Uranus  as  a 
planet .  tU.'i. 

librationa  of  the  moon.  24t).  2Sn.  2:11. 

Llfht  of  cfimets.  722;  of  the  nitMin.  2.^9; 
emittetl  by  certain  stars,  H:i5 ;  received 
by  the  earth  fn»ni  t*ertain  stars.  HXi; 
of  the  sun.  :v't2-:n7 :  total,  of  the  surs. 
h:<3:  equation  of,  frviin  Jupiter's  satel- 
lites. IKAMmIO;  mechanical  eqairaleDt 
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of,  Tliomsen,  770:  time  ocoTipicd  by, 
in  coining  from  the  sun,  'i75,  G2ii;  ve- 
Iwitj'  of,  22."),  iiotr,  tm,  tiilO. 

light-carves  of  variable  stars,  fm. 

Light-gathering  power  of  telescopen,  38. 

Light-ratio,  the,  in  scale  of  star-magni- 
tiules.  HVX 

Light-year,  the,  the  unit  of  stellar  dis- 
tance, S14. 

Limb  of  the  sun,  darkeninj^  of,  .'137 ;  of   j 
the  sun.  diminution  of  heat,  31:8.  i 

Limiting  uiHTturesin  stellar  photometry. 

Linear  and  anj^ular  dimensions,  their  re- 
lation, ry ;  velocity  under  central  force, 
its  law,  407, 40<K 

Linne,  lunar  crater  supposed  to  have 
changed,  *Jt)l). 

LisTiNu,  <limensions  of  the  earth,  145. 

Local  and  standard  time.  122. 

L<K'KVEH.  J.  \.,  disc(>very  of  the  spec- 
troscopic method  of  ol)serving  the 
solar  prominences,  ;i2.*»:  his  "collision 
theory"  of  variable  stars,  «.'i(>;  views 
as  to  the  comi>ound  nature  of  the  so- 
called  chemical  **  elements,"  31S; 
oriifin  of  the  Fraunhofer  lines,  ?20; 
tlu?ory  of  sun  siK)ts.  IVH]. 

L()Kwv,  peculiar  methfxl  of  determining 
tlic  refraction.  iCi. 

Long  ine<iualities  in  the  planetary  sys- 
tem. r)24. 

Longitude,  arcs  of,  to  determine  the 
j'arth's  dimensions.  1.51;  (tern'strial), 
determination  n(.  lls-121;  (celestial), 
17S-IS0;  of  p<>rilieIion,  .Kri,  .VX>. 

Luminosity  of  IkmHcs  at  low  tempera- 
tures, ~'.\~,  n*}tv. 

Lunar  disian«'es,  12<),  H;  eclii>ses,  370- 
.ITS;  intluen<'cs  on  the  earth.  2i»2; 
nn-thodN  of  d«'tcrniining  the  longitude. 
r_'():  perturhntions.  44>i-4<»l ;  |>erturba- 
tions  usi'd  ti>  determine  the  solar  jKir- 
ailav.  ♦".ST. 

L3rr8B.  o,  sre  Vega:  /3.  varijihle  star, S47: 
f,  (juadruple  star.JiT^t.  SJHJ,  ^W•J. 


M. 


Ma  in. Kit.  'Speculations  as  to    a  ci»ntral 

sun,  >n7. 
Magnifying    iK)wer  of   a  tele*icoi»e,  37; 

|M»\ver.  hi;:l»e»it  available.  4.'5. 
Magnitudes  of  stars.  sir»  s22. 
Magnitude  of  .smallest  star  visible  in  a 

uiveii  t«'le'«e»»pe,  S22. 
Magnesium  in  tlie  nebula\  S^N).  s*.4. 
Maintenance  of  the  solar  heat,  X^WWyi. 


Xars,  the  planet,  579-691;  obBerred  for 
solar  parallax,  673-677. 

BIaskelynb,  his  mountain  method  of 
determining  the  earth's  density,  161. 

Kast  and  weight,  distinction  between 
them,  15!^  liX);  of  comets,  718,  710; 
of  the  earth  compared  with  the  snn, 
278;  of  the  earth  in  terms  of  the 
sun  as  determining  the  solar  parallax, 
(>%t;  of  tlie  moon,  its  determination, 
243;  of  a  planet,  how  determined,  53&- 
53!);  of  the  sun,  compared  with  the 
earth,  278;  probable,  of  shooting  stars. 
776. 

Mass-brightnast  of  binary  stars,  879. 

Masses  of  binary  stars,  877,  878. 

Maybb,  R.,  meteoric  theory  of  the  solar 
heat,  353. 

Maxwell,  Clbrk,  meteoric  theoty  of 
Saturn's  rings,  611. 

Maxapil,  the  meteorite  oi^  784. 

Meohanical  equivalent  of  light,  776. 

Mercnry,  the  pUnet,  561-5ii2. 

Heronry's  orbit,  motion  of  its  perihelion, 
('•02. 

Meridian,  the  celestial,  defined,  19;  arc 
of,  how  measured,  147. 

Meridian-drolo,  the,  63;  need  to  detei^ 
mine  the  place  of  a  heavenly  body, 
12«. 

Meridian  pliotometcr,  the,  828. 

Meteors  and  shooting  stars,  755-787 ;  ashes 
of,  77.5;  and  comets,  their  connection, 
7H5-787;  daily  number  of,  771;  detonat- 
ing, 7<i8j  effecit  on  the  earth's  orbital 
motion,  778;  effect  upon  the  moon's 
motion,  778;  effect  upon  the  trans- 
jKireney  of  space,  770;  explanation 
of  their  light  and  heat,  765;  heat 
from  them,  355,  779;  magnitude  of, 
7(>2;  metliotl  of  observing  them,  761; 
their  trains,  76H. 

Meteoric  growth  of  the  earth,  777;  show- 
ers, 780-7H(>:  shower  of  the  BieUds, 
1872, 18Wi.  74(j;  shower  of  the  Leorflds, 
18:»,  18(111-67,  781;  swarms  and  rings, 
783;  swarms,  Hpecial  chaiacteriatloB, 
78:);  theory  of  Saturn's  rings.  641; 
theory  of  the  sun's  beat.  353-385; 
theory  of  sun  spots,  306. 

Meteorites,  or  uranoUths,  or  aeroUteif 
755-71 U);  chemical  elements  in  them, 
7(N):  crust.  761 ;  fall  of,  766;  which 
have  fallen  in  the  United  BUtes,  759; 
iron,  list  of,  758;  number  of,  7(iO;  qoea- 
tion  of  their  origin,  767;  their  piitha, 
7(«. 

Metonic  cycle,  the,  218. 
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MirHKLdON,  determination  (»f  the  veloc> 
ity  of  light,  225,  notv,  t^iW.  filtO. 

Micrometer,  the  lihir,  7:t,  rm,  8(^. 

Microicope,  th*"  rvadin^.  <>4- 

Midnight  sun,  the.  VM. 

Milky  Way,  or  galaxy.  8*W. 

Mimu,  the  innermost  satellite  of  Saturn, 
{'A'\  and  notv. 

Minor  planets,  or  asteroids,  51'2-(il>l. 

Mira,  Omicron  Ceti,  S44l. 

Milting  stars.  H40. 

Mohammedan  calendar,  217. 

Mi>\4'K,   the  mas<-hri>;lit nosA  of  binary 
stars,  S7<>. 

Monocentric  eye-pieee  for  teleitcoiM',  -lo. 

Moon,  th»',  227-272;  h«'r  atmosphere,  2.V»- 
2.Vi;  the,  re^ardiNl  as  a  el«K*k.  12<>: 
ilistanre  of,  eto.,  24();  her  heat  and 
tem|M'rature,  2iK),  ISJl :  her  li^ht  as 
conipanMl  with  sunli;;ht.  25*.);  intln- 
j-nces  on  tlie  earth,  2»»2;  mass  <»f.  d«»- 
terinincd.  24't,  244;  her  motion  (air- 
parent),  22H:  her  motion  relative  to 
the  sun,  241 ;  her  mountains,  meanure- 
ment  of  their  elevation,  270;  her  orbit 
with  reference  to  the  earth,  2:i8;  her 
parallax  deterniine<I,  ^f^\  pi^rturba- 
ticms,  44H-44>1 ;  her  rotation  and  libra-  j 
tlons,  24S-251  :  lnr  pliases,  25:i;  Imt 
surfaeo  eharactiT.  2»i.V-270:  eulniina-  ' 
tions  for  longitude,  VJo.  A. 

Month,   th«>    aiioina1i>tii',  .'i'.>7.  /i"/«  ;    thf    \ 
ii<».|i,'al,  :VM,  }n>t,  :   the   ^id^real.  22^«. 
'l.\l\  the  .syn.HJl,'.  22t».  2:52:  Im^th  <»f.    I 
iiwT-asisl  by  |M>rturbation,45.'i;  slight-    ' 
ly  «ihort«"ne<l   by   the  se<Milar  a4'«»eleni- 
tioii,   !."»'.». 

Motion,   dinrt  and   retnt^rade,  of   the 
planet.s,  4*4;  of   the  solar  system   in    ' 
sp:uv,  MV4^)7;  in  line  of  siirht.  effe^-t 
<»n  siMH'truni,  .'>2l;  of  stars  in  Ijni*  of 
si:;ht,  siMVtn>seopieally  olK<*rv«*<l,  «i»2. 

Motion!.  pn»iM'r.  <»f  the  star**.  Ni«v->!ii:<. 

Mountains,  lunar,  their  hei;;ht.  27o. 

Mountain    uMtlMxl   of   determinini;    the 
rarth'-i  <b!i'«ity.  ltV|. 

Multiple  Mar«».  SS2.  ] 

Mural  circle,  the.  to. 


Nadir   tin-,  di'titM»«l.  !»    |»«dnt  of  meridian 

•  irrlr,  «i7. 

Names  <>f  tin- cMnstellat ions,  71*2:  of  .1u|»- 
it»r -<  oatilliti-^.  »i21:  of  satellitrs  t»f 
Marn.  .VK):  nf  the  planet.*,  4K7.  4>«i»; 
of  "^  itnni*-  '<ati'lHt«»s.r4M.  unt,' .-  «>f  the 
sat«  llit.-^  i.f  I'ranns.  (hM);  ofstan,  7!M.   i 


Neap  tide  deAned,  4<;3. 

Nebula,  the  great,  in  Andromeda,  HWi; 
the  annular,  in  Lyra,  H8H;  of  Orion, 
the,  HHi;,  H!»2,  «KJ. 

Nehula,  the,  884*>^«i7;  changes  in,  Wfi; 
their  distanee,  K<.N>;  Loclcyer's  meteoric 
theory.  Km;  their  nature,  m\\  their 
number  and  distribution,  HiiG;  photo- 
graphs of,  H!K);  planetary,  HKH;  spiral, 
H8H;  their  sjMJCtra.  and  <*hemieal  ele- 
ments in  them,  K!N),Nin. 

Nebnlar  hyp<»thesiH,  the,  lNtH-!ti5;  m<Mli. 
flrations  of  the  urigiual  theor)-,  m2, 

iu:i. 

Negatire  eye-pieces  for  the  telescoiK*.  44 ; 
shadow  of  the  motm,  .'Ml :  star  magni- 
tudes. H21. 

Neptune,  the  planet,  li&'V-iitil;  anomaUms 
retrf>graile  rotation,  in  relation  to  the 
nebular  hyiM)th(>Nis,  1)14;  a^^arance 
of  sun  and  solar  system  fromit,  <ir>H; 
(act mil)  <!iscovery  by  (Jalle,  tiM;  theo- 
reticral  iliscovery  by  Leverrier  and 
Adams,  VvK\,  GM:  its  discovery  "no 
acirident, "  TiTiJi;  the  computed  elements 
errtmeoiu«,<i55;  its  Kat4>Ilite,  Crfil :  simh*- 
trnm  of,  tHiO. 

Nkw(  oMit.  S.,  eonelusions  as  to  suns  age 
anil  d  unit  ion.. '•r»H,:i5<i;  «ibservationHon 
meteors.  77<i:  on  the  mo<m's  se4*ular 
acci'h'ration.  M\\\  on  tlie  strtieturc  of 
the  lieaveiis.  ItM):  his  value  ul  the  S4^ 
lar  parallax.  ***u\  vehwlty  of  liulit. 
225,  w»h-,  !»;«.  |J«N». 

Nk^'t«>n.  l*n»f.  11.  A.,  ilaily  numlM'r  of 
niet«'ors,  771 ;  investigati<»nof  nifti>4»ric 
orbits,  7«»7,  7K5;  tht»ory  <»f  the  «*onsti- 
tut  ion  of  a  eoinet,  7.'(7 

Nkwton,  Sir  Isaa*'.  distwery  i»f  gravi- 
tation, ird.  411);  veritieation  of  the 
idea  of  gRivitatiim  by  means  of  the 
m«Km*s  motion.  411),  42«);  dlsfover>- 
that  planetary  <»rbits  must  be  coni<*s. 
421 ;  (Mmiputation  of  a  c<mietary  orbit, 
7U>;  his  retleeting  teles<x)i¥».  41*. 

Nitrogen,  susjtecteil  in  the  nebulas  HiiO. 

Node  of  an  orbit  deflne<l.  iTCt.  Ml>. 

Nodee  *A  moon's  orbit,  thrir  n^gn's^ion. 
455;  of  the  planetary  orbits,  their  miw 
tion.  .Vi7. 

Nodical  month,  the.  24*),  r^^i.  n'*te. 

NoKPKXsKioi.n.  meteitrii*  ashes.  775. 

Nndena  of  a  eomet.  IVX  71»». 

Number  of  e<'liii«M>s  in  a  y«-ar.  :t!*l :  in  a 
saros.  .'flW :  of  meteors  and  mi'te«irit«'s. 
7W.  7«S!).  771;  and  designation  of  Tari- 
able  Mar*.  W52. 

NllUilOB  of  the  earth's  axis,  214.  215. 
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O. 

Oberon,  the  oat«r  natellite  of  Uranus,  600. 

Object-glaM,  ac;hromatic,  41;  residaal  or 
secoudary  sptiotnim  of,  42;  designed 
for  photography,  42. 

Oblateneu,  or  ellipticity  of  a  spheroid.  150. 

Oblique  sphere,  the.  .33. 

Obliquity  of  the  ecliptic  defined  and 
measured.  170;  of  the  ecliptic,  secular 
change  of,  lif!. 

Occultation,  circle  of  perpetual,  33;  of 
stars,  3tK) ;  of  stars  used  for  longitude 
determination,  120  C;  of  stars  proving 
absence  of  lunar  atmosphere,  2S(3. 

Olders,  discovers  Pallas  and  Vesta,  593. 

Olmsted,  D.,  his  researches  on  meteors, 
785. 

Oppolzbr,  effect  of  meteors  on  the 
moon's  motion,  778 ;  orbit  of  Tempel's 
Comet,  im];  motion  of  Winnecke's 
Comet,  711,  note. 

Orbit  of  the  earth,  its  form  determined, 
182;  of  the  earth,  effect  of  meteors 
upon  it,  778;  of  the  earth,  perturba- 
tions, lli7;  of  the  moon,  238;  of  the 
moon,  its  perturbations,  448-4ril ;  of  a 
planet,  determined  graphically,  428, 
431,  432;  planetary,  its  elements,  505- 
510;  planetary,  its  elements,  determi- 
nation of,  510. 

Orbits  of  binary  stars,  873;  of  comets, 
70O-7W);  of  planets,  diagram,  48t);  of 
sun  and  stars  in  the  stellar  system,  flOI. 

Origin  of  comets,  738-741;  of  meteorites 
or  aerolites.  HTl. 

Orthogonal  comiwnent  of  the  disturbing 
force,  445.  455. 


Pallas,  discovered  by  011)ers,  593. 

Pa  LISA,  disi'overer  nf  sixty-tive  asteroidH, 

Parabola,  the,  (iew.>ril)ed  as  a  eonic,  422. 
42.^. 

Parabolic  i*omets,  their  number,  702;  ve- 
l(H-ity,  the.  429. 

Parallax  (( li  u  ni  al ).  defi  ncd  and  discusse<l , 
S2,  h:\:  of  the  moon,  determined,  239; 
of  the  sun,  elassitication  of  methods, 
(X;9;  of  the  sun.  gravitational  methods, 
(W7-(>H9;  of  the  sun,  history  of  inves- 
tigations, OiMMMM;  of  the  sun,  method 
of  Aristarclius,  <)70:  of  the  sun,  meth- 
od of  Hipparchiis,  (ul:  of  the  sun  by 
observations  on  Mars,  <»73,  irrO;  of  the 
sun  by  transits  of  Venus.  078.  (Wr»;  of 
the  sun  by  the  velocity  of  licrht,  090- 
692;    of   the   sun,  Ptolemy's    value, 


671 ;  of  the  etare  (umnal),  80S-614;  of 
a  Centanri,  Hendenon,  800,  810;  of 
61  Cygni,  Bessel,  800-811;  of  «  Lyne, 
negative,  Pond,  809;  stellar,  abeoliita 
method,  810;  stellar,  differential  meth- 
od, 811;  stellar,  table  of,  Appendix* 
Table  IV. 

Parallaefeio  Inequality  of  tbe  moon,  687; 
orbit  of  a  star.  808. 

Parallel  sphere,  the,  32. 

Parallela  of  declination,  23. 

PsiRcx,  B.,  heat  from  meteon,  3S5;  on 
the  mass  of  ccnnets,  710;  theofy  of 
sun  spots,  306. 

Pendnlun,  compensation,  51;  nee  In 
clocks,  60;  used  in  detezminlng  form 
of  the  eartb,  102~15S;  free,  of  Foneanlt. 
showing  earth's  rotation,  130-141. 

Penumbra  of  the  earth'i  ihadow,  368; 
of  the  moon's  ihadoWi  883;  of  a  ran 
spot,  296. 

Perigee  and  apogee  defined,  838. 

Perihelia  of  oometa,  their  dletrflmtlon, 
706. 

Perihelion  of  earth's  orbit  defined,  188; 
its  motion,  199;  of  Ifierenty's  orUt,  Its 
motion,  CKKL 

Period,  sidereal  and  synodic,  of  the  moon, 
220-232;  sidereal  and  synodic,  of  a 
planet,  defined,  490;  sidereal,  of  a 
planet,  determined,  513, 514b 

Periodio  comets,  703,  70ft,  738-740;  table 
of  comets  of  short  period.  Appendix, 
Table  III. 

Periodicity  of  sun  qiots,  307-3D0L 

Persei,  3,  or  Algol,  848. 

Perselds,  the,  meteoric  swann,  780^  782, 
783. 

Personal  equation,  114, 120  A,  121 B. 

Perturbations,  lumtf,  446-461;  planeitaiy. 
521-523;  of  Mars  and  Venus  by  the 
earth  as  determining  the  sun's  par- 
allax, 689. 

PRTBRS.  C.  H.  F.,  discorers  fifty-two 
asteroids,  603. 

PiAzzi,  discovery  of  Ceres,  BBS. 

l^icARD,  measure  of  earth's  dlametar.  138. 

PicKERiya,  E.  Cn  his  meridian  photann- 
ter,  828;  photography  of  stbUar 
tra.860,862;  photometric  o1 
of  the  eclipses  of  Jupiter's  satenttss, 
630;  the  Harvard  photometry,  817. 

Phases  of  Mercury,  Venus,  and  llan» 
6»),  667, 682;  of  tbe  moon,  SBL 

Phobos.  tbe  Inner  satellite  of  Man,  68BL 

Photographs  of  the  noon,  STS;  of  tte 
nebule,  808;  of  the  sdar  tfonam,  M; 
of  the  sun's  sorCMS  and  wftM,  ML 
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Photographic  obJect-glaMOH,  42;  olwer- 
vationn  of  e(*li]N4e(i  of  Jupit«r*8  satel- 
litcM,  i>.'10,  and  notr ;  olmervationfi  of 
traiiHit  of  VeiiUA,  ()»4-(;H(i. 

Photography  ait  a  means  of  photometr}*. 
8*il>;  8olar,  UHli;  iipc<'tn)m*opic,  motion 
in  lino  of  8iKht,  H02;  applie<l  to  Ktar- 
cbartin^.  VM\  in  determination  of  Ktel- 
lar  |>arallax,  H12;  of  Ktellar  ninftra, 

Photomotor,  the  meridian, Hl^H;  polariza- 
tion, K*i7;  tiic  we<l>;e,  H^i. 

Photometry,  Harvard,  the,  KTZ,  K2K:  by 
nu'aMN  of  photography,  K2!^,  by  the 
speotrowoiK*,  K\\\  of  sunlight.  .'KfJ- 
:v:Ci;  Htfllar,  H'i3-H31. 

Photosphere  of  the  sim,  it«  nature,  2!)1, 

2*»2,  :un. 
Photo-tachymetrical    determination   of 

th«»  suMM  |>arallax,  WKMKnJ. 
Phyiical   rharai'teri.stii'S  of  cometH,  712; 

nictlKNl  of  determining  sun's  ]>arallax. 

Planet.  intra-Morcurial,  <XX2-<jOG;  trans- 
Neptunian,  (iti2. 

Planets  attending  cerUin  stars,  HHO,  881 ; 
diHtan(H»s  and  |>erio<lH,  481);  enumer- 
atwi,  4H«'»,  4«T;  relative  age,  according 
to  nebular  by iH>theMlH,<Jl.'t,<J15;  orbittt, 
diagram  of,  4H«);  orbitH,  elements  of. 

ri<r>.  ."iio. 

Planetoid.    S«m>  Asteroid,  .v.n. 

Planetary  data.  tublcK  df.  .\p|N>ndix. 
Tabl.'  1..  data,  JU'furnry  of,  iK^i;  neb-  ! 
iil;i>.  .vos;  sv'^tcni,  f}M*tH  hugj^csting  the  ' 
thiMiry  of  its  ori^^in.  1HI7:  system.  Sir  | 
.1.  HtTschcl's  illuHtration  of  itjt  dimen- 
sions, (ii»4. 

Pleiades,  tlu-.  »^. 

IVm}<4(»n,  his  absolute  scale  of  star-magni- 
tudos.  sp.i. 

Pole  of  th<*  earth,  28;  (celestial).  deAoe*!, 
U;  its  altitude  (>qual  to  the  latitude, 
:?<»,  1«»«»;  its  place  afTiH'ted  by  preces- 
si«ui,  "Jifci   2<)7. 

Pole  star,  ancient,  7  l>racouis,  'JtlT;  its 
lH>^ition  ami  re<'oi;nition,  15. 

Polar  <liHtan«'e.  detiiie<i.  2:^:  p(»int  of  me-  I 
ri  lian  rirrle,  tiii. 

Position-angle  of  »  double  star,  8ii8.  I 

Position  of  a  lieaveiily  Ixxly,  how  deter-  i 
miiuMl.  12S.  IJ*.*.  j 

PositiTS  ey«»-piHN*s  f«ir  telew'^ipes,  44. 

I*'*'  1 1. 1. FT.  his  ]»yrheli<imeter.  -W*. 

Pawer.  mairnlfyinc.  of  tdeHcope,  iT. 

l*»vNrivti.  determination  of  the  earth's 
•lensitv.  170. 

Practical  astronomy  defined,  2. 


Preceeaion  of  the  equinoxes,  20&-212. 
Prime  vertical  defined,  l'.>;  vertical  lu- 

stmroent.  <>2,  1(M$. 
Priming  and  lagging  of  the  tides,  470. 
Fkitchard,  Prof.  C,  determination  of 

stellar  parallax  by  means  of  photog- 
raphy, 812;  stellar  photometry,  82ti; 

I'ranometria  Oxoniensis,  82G. 
pRirrHKTT,  C.  W.,  discovery  of  the  great 

red  spot  on  Jupiter,  (>18. 
Prohlem  of  three  bodies.  ^Xl-MM ;  of  two 

iKxIies,  434-ft:«. 
Problems  illnstrating  Kepler's  thini  law. 

4i:i. 
pKtMToK,  R.  A.,  on  the  origin  of  comets, 

741;   determination   of   the   roUtion 

period  of  Mars,  .%84. 
Projeetilea,  deviation  <*atisc<l  by  earth's 

rotation,  14^i;  their  path  near  the  earth, 

4.15. 
Projectile  force,  careless  use  of  the  term. 

401. 
PromlwanoM,  or  protuberances,  the  so- 

Ur,  2U1,  323^3a'>,  363;  quiescent  and 

eruptive,  325.  33& 
Proper  motions  of  the  stars,  800.  80n. 
Proximity  of  a  star,  indications  of  It,  813. 
Ptolemaic  system,  the.  500.  502. 
I*ToLRMY.  his  alma^est.  500,700,71)5. 
PyrheUometer  of  Pouillet.  310. 


Quantity  of  the  s<dar  nMliation  in  calo- 
ries. :Cbi-:vt4»:  of  sunlight  in  candle 
power,  3:t2,  \KX\. 

Qnieaoant  prominences.  325. 


Xadial  compound  of  the  disturbing  force, 

4441. 
Badian.  the,  defined  as  angular  unit,  5, 

Badiani,  the.  in  meteoric  showers,  780. 

Xadiiu  of  curvature  of  a  meridian,  14!). 

Ran  YARD,  peculiar  tbe(»ry  of  the  repul- 
sive f(»rce  operative  in  comets'  tails, 
7X1. 

Sata  of  a  chH-k  defined.  53. 

Baadinf  microscope,  the,  r»4. 

XeoogaitiOB  of  elliptic  comets,  difficul- 
ties, 701. 

Bed  spot  of  Jupiter,  the,  ttl8. 

Bedvolioa  of  mean  star  phM^es  to  appar- 
ent and  rUt  irrsrt,  7W. 

BdUetlBf  te1e%*ope,  rarions  forms.  47. 48; 
telescopes,  large  instraments,  48. 


[All  Ivhrtntn,  aoleH  ciprewlf  alaliHl  to  Itie 
Xefrution,  ntmoRphiTlc,  Its  law,  H!),  '.lO; 
dctunoinaliou  ot  Ha  amount,  94,  !I5; 
effect  of  temperature  and  barometric 
lirrKSQri',  {II ;  eftvct  iijiuii  form  sod  idza 
n(  <li3Ca  of  nin  oiul  iniion  near  the  hiiri- 
lon,il3;   effect  npoa  time  ot  auurise 

B«fr«ctiiig'  tvlescoiM  (simple),  36;  tele- 

iii^lin,  ai^hromatlc.  41. 
Bafraotor*  and  rcltwtorn  i^mjiarcii,  40. 
Beich,  dctcrminiition  of  tlie  <it;nHity  o( 

Uic  cnttli,  irii);  vipcrimenta  upon  fall-  I 

ins  ImxUgh,  IW. 
XaUtiva  moilun,  law  or,4l>L>;  sizes  of  the 

planutN,  diagram.  SW. 
Bepulaive  fort's  acting  on  mmeta,  TM, 


'Sl.T- 


731, 


1  by  th.. 


Batardation  nC  earlirii  rotni 

tLd>'s,*ii,4s:i. 
Beticla  iispd  In  telescuiie  for  pointing;.  M'l. 
Betrograds  M'vuluiioii  of  llio  (utt<-]liit!> 

of  L'ranua  aiid  Xi-piiwv,  <VU,  Oil,  VU. 
B«v«niiig  ]ii)-vr  of  tbu  Boinr  ntmuspliert', 

•2!ii,;tU),;«n.:iiPi 
Beverial  of  llic  Bpcirtrnm,  nu. 
Bhfta,  Ihe  fiftb  jiatelllic  of  Siitum,  i>4:>, 

Klgiditr  of  the  carlli,  171,  4S2. 
Blghtusceusiou  defined.  ^%:!;;  axcenaloii 

di-ti:rniine<l  by  tmaHit  iiLitrument,  51>, 

IJH,  1:."J;  Hjilicre.  tlic,  ;ll. 
Blngaof  8:tturn,  l»7-(Fl^. 
■(•jsiR,  Lunn,  <i1>s('rvntlotiN  lit  lunar  licat, 

^\'J<II;  bin  great  leli'»i'Ope,4IS;  Kpirul 

Botation.  ilistiuiniHied  front  retiiluiioii, 
■2i».  -.iJh";  iitlliccsrlli,  alTi-ctnl  by  t lie 
ti<l<-!4.  4lil,  iKl-  „l  Hie  earlb,  iinKifs  cif , 
i:w-14:i:  o£  iilnnets,  liuw  determined, 
St;t;  |ieri<Hl  of  Jupiler,  iil5;  period  of 
MiirK..'>>4;pi>rio<lorthemuoD.24H,2.7J; 
pifriiHt  lit  t4.-ilnm,  fiXi;  i.f  tiic  sun,  2H1, 
yKi;  ii,Ti.»lof  Vr-mw..'i70;  iK-rlods,»Ko 
.ilr.li  .\|i]n'iidix.  Tabic  I. 


Saros,  tbi'..7i.'i-;S'S;  mimlierof  ccli|)8en  in 

SatelUMa  of  Jupiter,  CJUbll:  cl   Jlarn, 
,y«i,  K'l:  of  Xr].lune.  lau:  ..f  Salnm.   ■ 
lit:!,  1144;  ..f  Vrainis,  (l.--l-iLi:!;  RPueral    | 
t;ilili".f,  .Ai.iK.Tidix.Tabl.-ll, 

Satellite  ..rliin.  (-i-nf-rally  rirrulnr,  rAn.      \ 

Saturn.  iJir-  |il»npt.  i>:{2-ivtl. 

Bchehalliem.dctcnntnniinii  n(  the  earth 'h  | 


mntimry,  m  ro  arUelett  aod  not  to  pagtr.} 
ScHtAj-AsttLLi,  eonnecllnn  between  eom- 
ets  and  rneleora,  TOG;  his  map  ot  Man, 

nss. 

SliiruTeu,  the  rotation  at  Heicnry,  SSO; 

Uie  rolatlou  of  Venui.  9T0. 
AcRWADE,  dJHcxivery  of  tlie  periodicity  ot 

EUn  BiiotB,  307. 
BdntilUttoa  ot  the  itan,  tU4. 
Saa,  BhIp'H  pUce  at,  103,  l:»  D,  121  A.  124- 

121  i. 
&aa«nu,  ihc,   explained,  100,  192,  US; 

dilTereiicH     between    northern     and 

BOuUiera  lu'mlB|)here>,  1!H,  lOS. 
Skl'ciU,  theories  ot  100  apoti,  303,  305; 

olworrationH  on   itellar  spectra.  80C, 

US!. 


SMillar  acceleration  of  the  moon's  mean 
motion,  U!>-4G1;  cliangealn  theearth'a 
orbit,  l'J»-20O;  perturhatlont  in  the 
planetary  xystem,  SSi-CSS. 

8«mi-dUm«toT,  auttmentatlon  ol  the 
inrii.n'B,  88;  correction  for.  in  aextant 
obsen-iilionK.«8. 

SBmi-majcir  oxU  of  a  planet's  orbit,  do- 
fined  and  .liiKaa«d,  SOB,  SOU;  azU  of 
the  planets'  orblu,  ]D*ailable,  nSB; 
axis  aa  dejiending  on  planet' a  velocity, 
42S-4;0. 

Saparating  power  of  a  toleBoope,  Dawps. 


d  of,  in  alelUi  ptaotom- 


1.1. 
Saquencai,  met, 

I'trj-,  KH. 
SaxUnt,  the.  deacrlbed,  TH;  the,  uod  to 

determine  Utltude,  103;  the,  mnd  in 

finding  a  ship's  phioe  at  sea,  103,  116, 

IS>1,  13lS;   Ibu,  naed   in   detarmlnlag 

lime,  lia.llli. 
Shadow  lit  Iba  earth.  Ita  dlmanrimia,  3S7; 

of  tlie  luooD,  ;tT!),  380;  ol  the  moon,  Ita 

velw'iiy  over  the  ewth,  384. 
"  Shaath  "  ot  the  comet  ot  1B82,  TBB. 
Ship'*  pluco  at  BBH.  detenninatlon  at,  Ifa, 

120  h.  Vi\  A,  124-126. 
Shooting  Stan.  770,  787;  Mhea  ot,  716; 

brii^ituess  ot,  773;  eompamtlvs  nnn- 

bemiuinornlnKand  evanlng,77S;  dally 

niual>i>rot,771;  elevation  ot,  TT4;  mmm 

of, 770;  mnlfrlalsot,7T8;  psthof.TTl; 

tdtowem  ot.  780-786;  apactr*  of,  718; 

velocity  ot,  774. 
Bbort-perlod  comets.  70S;  ooueta,  taUa 

of.  .\ppeiidii.  Table  UI, 
Showari,  meteoric,  TSO-TSB. 
Sidaraal  day  defined.  26, 110;  BO«tth,SBI: 

tim.',  211.  110;  ysBi.  tta  lanjElb.  OS. 
Signal*  uned  In  datamlnlBC  dlS ' 

lonKHude.  119. 
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Signi  of  the  zof\\su%  177. 
Single-altitade  method  of  determining 

local  time,  11(>. 
Siriui  and  its  companion,  H75;  its  lif^ht 

eomi>ared  with  the  Hun's,  .134,  H.TJ.H.'VS; 

itH  maMH,  877. 
Sky,  apparent  distance  of,  li. 
SliUeM  Mi)e<-troscope,  the,  MiO-^iJ. 
Solar  constant,  tlie,  :J.<H-:W();  ei'liiweM,  :U«». 

.'J23,:fcrr.  :«N :w7-:««>. :51k;,  ihw;  cclip«e>«, 
their  rarity.  ^fiW;  engine  of  EriciuMm 
and  M<mcliot,  'Mo:  eye-pieces,  28<>, 287; 
IMrallax.  see  Parallax  of  the  Sun; 
system,  a^e  of.  i»'J2:  time,  apparent 
and  mean.  defuK^l,  111,  U'J. 

Solstice  de(ine<l.  17(i. 

St>sniKNKS.  <leviM's  the  .Inlian  calendar. 

Spectra  of  cornet?^  7l'4-7-t>:  of  meteors. 
77r»:  of  nebula-.  8'.«».  siil :  of  stars.  H.V» 

Spectroscope,  principles  of  its  con.struc- 
tion.  'Ml  'M'.\:  how  it  shows  the  .solar 
prominences.  :fJ4  :  slitless,  Hm>-«<?i. 

Spectroscopic  measurement  of  motions  in 
the  line  of  vision,  .'^1.  80"-*. 

Spectmm  of  the  chroin<tsphere  and  prom- 
inences. .*>*i:»:of  the  coromi,  •f'J'.h  s<ilar 
(phott>sphere).  'M'2:  solar,  compared 
with  iron.  '.\\r>:  of  smi  s|>ot>.  .'.*Ji  : 
analysis,  fuu'lanx'ntal  principles.  :;14: 
pliotoin«-lry.  >v'»I. 

Sphere,  the  r«'le.stial.  couceptiouN  of  it,  4  : 
the  oMi<|ue.  .'»;;:  the  paralh-l.  .fJ:  the 
ri-ht.  .'.1. 

Spheres,  attraction  of.  liij. 

Spheroid,  terrestrial,  its  dimen-^ioiis.  14.'». 
ApjM'inliv.  pai:e  .VJ7. 

Spherical  aberration  of  a  lens.  :^J:  us- 
iroMomv,  detimil.  ;t:  shell,  its  attrac- 
ti«iti.  Ul'». 

Spider  hues  in  a  reticle,  44i. 

Spring  title  detilKMi.  etc.,  W^^. 

Spurious  disi'  of  Ntars  in  the  telesco|K'.  4.'L 

Stability  «»f  the  plan«-tary  system.  .">:*>- 


,  l-w*. 


Standard  and  l<M>al  tiiue.  lA'. 

Stars.  Uiiiarv.  s«f  Binary  Stars:  cansi-s 
ol  till'  ilitTererice  in  their  bri);htne*>s, 
.vKi;  (>olors  of.  <*■<'.  dark.  H-'iit:  desi;^:- 
iiation>  and  names,  '*M :  their  n-al 
■  li.iiueter>.  s:*.7 .  iliMributiou  of.  «•!•: 
•  I«>uble,  si>f>  Double  Stars:  gradual 
clian>;es  in  their  liuht.  <V.^:  heat  fnun 
them.  k;U:  light  com|>jiri»<!  with  sun- 
licht.  :{:4,  KiL',  XV\:  magnitudes  of. 
>«  11*1-822:  miMing,  (MO:  nature,  m  be- 
ing 8nns»  780;  Buaber  <tf.  TBO   par- 


I 


allax  and  distance,  81)8-814;  photog- 
raphy of,  7118;  photometric  obHerva- 
tions  of,  82:Mi;u ;  prop<*r  motions  of, 
WNMUkn ;  proximity  of,  its  indications. 
81S:  seen  by  day  with  telescope,  .'M : 
sh(M)ting.  8i>e  Shooting  Stan ;  tempo- 
rary. 842-84."5:  triple  and  ranltiple, 
882:  twinkling  of.  or  scintillation,  8t>4 : 
variable,  s4m>  Variable  Stan. 

Star-atlases,  vx\. 

Star-catalogaes,  7iir>. 

Star-charts.  TM. 

Star-dusters.  88:(.  8m. 

Star-ganges.  8iK). 

Star-motions.  7iK»-8(>:i. 

Star-places,  how  affected  by  atierration, 
etc..  22ii:  their  determination,  71M>: 
mean  and  api»arent.  797. 

SUtical  theory  of  the  tides,  44K). 

Station  errors,  158. 

Stellar  si>e4-tra.  KVi.  8.V1:  clasHiticatittn 
of,  sri7,8:>8;  phot4»graphy  of.  8.'MM«»: 
system,  the  hyiM>thetical,  1W>1-".W4. 

Stonk.  K.  J.,  attempted  observation  of 
stellar  heat.  8:V4. 

Stripe,  central,  in  (Comets'  tails.  7-H». 

Structure  of  the  heavens,  IMMMMM. 

Stri'vk.  von,  F. (i.  W.,  on  distribution  of 
stars.  8'.ili. 

.siRtvK.  VON,  Li'DWio.  investigation  of 
sun's  nioti(»n  in  s|>a»*e.  J*i». 

.*NTKi'\  K.  v<>N.  <>TTo,  Saturn'.s  rings,  t'cv;, 
(►42. 

Si'MNKK,  Cai'T.,  his  inethtMl  of  iletcrmin- 
iiig  a  ship's  place  at  sea,  125,  12i'». 

Sun.  the.  27:U'fi^t :  age  and  dnratlim  of. 
:V'>iMi22:  apiiarent  annual  motion  of, 
172.  17.'<:  attraction  on  the  earth,  its 
intensity,  4^{|»:  candle  p<»wer  of  sun- 
WilUx,  :i.U,  .'CCt:  chendcal  elements  in 
it.  :51.'-;il7;  diameter,  surface,  and 
volume,  27<i.  277:  distance  and  luir- 
allax.  274.  27r>.  tiikViKKl :  grarity  at  its 
surf a«*e,  281 »:  heat  emisnion.  ;L*t8-:;"»7: 
lifsht,  .'t:t2-^t:tt» :  mass  and  density, 
278,J7!»;  ite  motion  in  space,  nm-^iii, 
phj-sical  constitution,  AiiKliVt :  itstem- 
|M>rature.  :mK*ttl :  the  ct>ntral.  81^7. 

Sun  spots,  their  development  and  chan^- 
I's.  21»7.  2!W:  distribution  on  sun's  .Mir- 
fa<'e.  ;i»l ;  );enenil  description.  2!«». 
21^:  int1uen(>e  on  terrestrial  condi- 
tions. .Hill.  :no :  periwlicity  of,  :«7-.'Wi : 
their  spectrum.  :«21 :  theories  as  to 
their  cause  and  nature,  :«12-;«*i. 

Sun's  way.  apex  of.  htm-mTi. 

SuiriM  and  sunset  aCTected  by  refrac- 
tion, US. 
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Superior  planet,  motions  of,  496. 

Sorf ace  errors  in  lenses  and  mirrors,  49 : 

of  the  moon,  263-27a 
Swarma.  meteoric,  782). 
SwRDENBORO,  a  pn)poscr  of  the  ncbnlar 

hypothesis,  iKK). 
System,  planctar>',  facts   suggesting  a 

theory  of  its  origin,  0()7;   numerical 

(lata,  Api)endix,  Table  I. ;  stellar,  iX)l- 

\m. 

Synodic  month,  or  revc»lutiou,  of  moon, 
iTJl^^-n  ;  jieriod,  general  definition  of, 
4«iO. 

87>7S7»  (letined,  2;K). 

X. 

Tables,  Appendi/.  (ireek  alphabet,  page 
.v/T :  misccllancouR  symbols,  page  527 ; 
(liinensittns  of  the  earth,  page  527; 
tiino  couMtants,  {Uige  528;  Table  I., 
elenuMitH  of  solar  system,  page  52i^ 
Table  II.,  satellites  of  the  system. 
\)RRos r^M),  XM :  Table  III.,  short-period 
comets.  i»age  r^fcJ;  Table  IV.,  par- 
allaxes of  stars,  page  5^V{;  Table  V., 
orbits  of  binary  stars,  iMige  5:(4; 
Tabic  VI.,  the    variable  stars,  iiage 

Tables,  in  body  of  the  book.  The  constel- 
lations, 792;  approximate  distances 
aii<l  i)eriods  of  the  planets,  4S9;  dis- 
tance of  sun  corresixmding  to  certain 
valucH  of  the  parallax,  (}(>8 :  distribii- 
tion  of  stars  with  reference  to  the 
galaxy,  89!);  iron  meteors  seen  to  fall, 
7.5K :  naked-eye  stars  north  of  celestial 
equator.  818 ;  orbits  and  masses  of  cer- 
tain binary  stars,  877:  parallaxes  of 
tirst-magiiitude  stars, Elkin,Hl.'S :  prop- 
er motions  of  certain  stars,  809;  signs 
of  the  zofliac.  177:  telescopic  ai>erture 
rcHiuired  to  show  stars  of  given  mag- 
nitude. H22:  tem|K)rar>'  stars.  842;  to- 
tal li;xlit  from  stars  of  different  mag- 
nitude. .s;',;i;  velocity  of  free  wave  at 
various  depths,  47:*. 

Tails  «»r  trains  of  comets,  71. J,  717.  72«- 

T  VLroTT,  ('ATT.,  his  Zenith  telesi*ope,  105. 

Tangential  etmiponcnt  of  the  disturbing; 
fon»e.  147. 

Telegraph  useil  in  determination  of  lon- 
iritude.  121  ]\. 

Telescope,  the.  sichromatic,  41 :  distinct- 
ness of  iniacp.  1^9 :  equatorial.  72 :  eye- 
pieces. 44:  the  general  theory,  .'W:  in-   j 
ventiuu  of ,  o5 ;  light-gathering  powcfi   ' 


:<8;  longi  of  Hayghena,  40;  magnify- 
ing power,  37;  obJeet-gUfle,  Tmriona 
forms,  41, 42;  rcHAeottng,  Tariona  forms, 
47, 48;  refracting,  simple,  36;  relation 
of  its  aperture  to  tlie  "magnitude" 
of  the  smallest  star  visible  with  it, 
822;  separating  or  diTiding  power,  43. 

Telespeetroaeopa,  313. 

Temperatnre.  cause  of  the  annual  change, 
192, 193;  of  the  moon,  361 ;  of  the  nm, 
349-351. 

TMnporary  stars,  842-^45. 

"  Terminator,"  the,  on  tlie  moon's  snr^ 
face,  its  form,  253. 

TMhyi,  the  third  satellite  of  Satam,  643. 
note, 

Thomsbx  of  Copenhagen,  the  mechanical 
equivalent  of  light,  77B. 

Thomson,  Sib  W.,  on  the  temperature  of 
meteors,  765 ;  rigidity  of  the  earth,  171, 
4H2. 

Three  bodies,  the  problem  of,  437, 438. 

Tidal  evolution.  464, 916;  friction,  effect 
on  the  earth's  rotation,  461,  483; 
wave,  its  origin  and  oonise,  476. 

Tides,  the,  definition  of  terms  relating  to 
them,  463;  primingaad  lagging  of,  470; 
statical  theory  of,  460;  wave  theoiy 
of,  472. 

Tide-raising  force,  the,  464-467. 

Time,  defined  as  an  hourangle,  100;  Its 
determination  by  the  sextant,  115, 116; 
its  determination  by  the  transit  in- 
strument, 113;  equation  of,  ea^lalned 
and  discussed,  201-204;  sidereal,  de- 
fined, 26,  110;  solar,  apparent.  111; 
solar,  mean,  112;  staiidard  and  local, 
122. 

TissBRAND  on  peculiarities  of  satellite 
orbits,  548. 

Titan,  the  sixth  and  great  satellite  of 
Saturn,  ii^\, 

Titania,  the  third  satellite  of  Uranna,6B0. 

Todd,  1*bop.  D.  P.,  search  for  trana-Nep- 
tunian  planet,  602. 

Torsion  balance,  determination  of  the 
earth's  density,  165. 

Trade  winds,  proring  rotation  of  the 
earth,  14.'). 

Trains  of  meteors,  768,  773. 

Ttansits  of  moon  aeross  meridian,  the 
interval  between  them,  885;  of  Jfer- 
cury,A61,m2;  of yeBUSflawotreenr- 
rence,  575-477;  of  Venns.  used  lor  da- 
termination  of  solar  parallay,  0T8-OBB. 

Transit  circle,  see  Ibridlui  9Mi,  68; 
instrument,  50-61;   InstnuMBt 
in  determining  time,  118. 
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rruu-NeptanUii   planet,    hypothetical, 

Transparency  of  spact'  as  afTcctod  by 

iiieteon.  771». 
Triple  and  multiple  Ktani,  MH'J. 
Tropica,  define*!.  17<i. 
Tropical    year,    its   definition    and    its 

length,  l»l«i. 
Tirilight.  theory  and  duration  of,*Xt,\r!, 

i:»0. 
Twinkling,  or  M*int illation,  of  the  Atars, 

Two  lM>dii*s.  pn»hleni  of.  4'J4-4.*i.'J. 

rvriio  Hk  \HF.  diM>overs  the  lunar  varia- 
t  ion.  \'u  ;  o)>KervationH  of  comet  of  lAT". 
700;  teni|W)rary  star  in  <  'amiiopela,  84^^ : 
his  planetary  8ystem,  «'M>I.  j 

V. 

Umbriel.  the  M*cond  .satellite  of  Uranus. 

Unit  of  stellar  distances,  the  light-year, 

Mil. 
UranoUth.    See  Meteorite. 
Uranometria  NoTa:    Ar^elander,   817; 

<  ixoniensiK.  8'3>. 
Uranoa  and   Neptune,  their  anomalous 

rotation   in   relation   to    the    nebular 

hyiiothesis.  DU:  the  planet,  mrMkVJ. 
Utility  of  astronomy,  J. 

V. 

\\\  i»nt  Kni.Ks  theorem.  4;M. 
Vaniibing  |Miint  of  a  .system  of  |»aralh'l 

liiifs.  7. 
Variable  n«>l>ul;i>.  hk<i. 
Variable  start.  k:m  kM:  claftsitication  of, 

k:W;   i'Xplanation  of   their  variation, 

HP.)  KTil;  met Iio<1h  of  observation.  KM; 

their   number    and   desif;nation.  Ki2; 

their  ran^je  of  variation.  JCWl. 
Variation,  the  lunar.  4.'i7. 
Vega,  or  a  Lyne.  its  light  comitanNl  with 

the  sun's,  i-i-l.  H-'W,  h:Ci;  its  Hpcctmm. 

S.V.I. 
Velocity  of  air  currents  at  high  elevations, 

77-1.  /}"^  ,  areal.  lin«>ar  ami  angiilar. 

law  of.  P>7   l<»'.».  of  earth  in  her  orbit. 

--J.'i.    /I../'.    •J7S.     of    light.    iri:».   ii/»fr. 

♦i!iO  4?.^'.  ,,f    the  mo*»n's  shadow,  3W. 

paralndir.   or  vehn^ty  from  infinity. 

4.M);  of  planet  at  any  |M)int  in  itAorbIt, 

4  >» :  <»f  stellar  motions,  HOI. 
Venoa.  the  planet.  .Vi;i-^"77;  lier  atmo!^ 

phero  and  its  effect  U|wm  obrter^'ationii 

i>f  a  transit.  tiHl ;  transits  of.  used  to 

determine  solar  iiiirallax,  tntMMi. 


Vertical,  angle  of  the,  iriH;  circles  de- 
fined, 12. 

VouRL,  his  classification  of  stellar  spec- 
tra, H/VH;  star  motions  in  line  of  sight, 

Hoj,  mi, 

Vnlcan.  hypothetical  intra-Mercnrial 
planet.  d03, 601. 

Waate  of  solar  energy,  :^7. 

Water,  alisence  of,  on  the  moon.  2^8; 

prt*seiif*e  of,  in  atmosphere  of  planets, 

.TUii,  .'»7:»,  .'jHii. 
Wathox,  J.  C,  disi'overs  and    endows 

twenty-two  asteroids.  MCi,  fini. 
WaTe-lenfth  of  a  ray  of  light  affected  by 

motion   in  the  line  of  vision  —  Dop- 

pier's  principle,  .'Ul,  iiofc. 
Wave-theory  of  the  tides,  472. 
Weather,  moon's  influence  on  it.  2ii2. 
Wedge  pliot4»metcr.  the,  82f>. 
Weight,  loHs   of.  lietwcen  eqnator   and 

pc»le.  l.Vj-l.Vi:  and  mass,  distinction 

between  them,  tW,  KiO. 
WiLsixn.  determination  of  the  earth's 

density,  Vu. 
WiNjfiM.'KK's  comet,  aifcleration  of,  711. 
Wt>LK.  periodicity  of  the  sun  spots.  :«»7. 
Worms,  formula  for  the  eastwanl  devia- 
tion of  a  falling  b4Mly,  i:t8. 

V. 

Tear,  bissextile,  or  leap.  21'.^  beginning 
of.  -VJ :  «if  (ronfusion,  Jill ;  eclipse,  ;«M  ; 
sidereal,  tropical,  ami  anomalistic. 
21(i.  also  Appendix.  |iage52H;  of  light, 
unit  of  stellar  dbtance,  814. 

Z. 

Zenith,  the  astronomical  and  geocentric. 
8. 

Zenith  distam*e  defined,  21 :  telescope, 
for  determination  of  latitude.  lOR, 

/knkbb.  theory  of  a  comet's  constitu- 
tion. 7:tt. 

Zero  points  of  a  meridian  cinde.  Kii.  f>7. 

Zodiac,  the.  and  its  ^igns,  177;  signs  of. 
as  affected  by  pre»*««slon,  *JUK, 

Zodiaftal  light,  tlie.  i»7.  AJK. 

Z4iLLXRR.  albedo  of  the  planets.  S58. 
.f?J.  .^Kt,  ril4. !»'».  f>tK.  «k».  also  Appen- 
dix, page  AJ!* :  his  photometer.  827 :  on 
the  repulsive  force  acting  upon  comets, 
7:e. 
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